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In t roduc t ion ; 
Zirconium is a hard metal with the following c h a r a c t e r i s t i c s : 
Melting po in t 1852 °C; Biol ing point 4377 °C; Atomic weight 91.22; 
Specif ic g rav i ty 6.502; Spec i f ic heat 0.0671 (Ca l . / g /^C) ; E l e c t r i c a l 
- 1 ° 
conductance .025 (micro ohm) ; Ionic rad ius 1.08 (+4) A; Density 
7.14 (gm/ml). 
Pure zirconium was first prepared in 1914. It is found in 
abundance in S-type stars and has been identified in the sun and 
meteorites. It has low absorption cross-section for neutrons, so 
used for nuclear energy applications such as for cladding fuel 
element. It has been found to be extremely resistance to the 
corrosive environment inside atomic reactors, and it allows 
neutrons to pass through the internal zirconium construction 
material without appreciable absorption of energy. Zircoloy is 
an important alloy developed specifically for nuclear applications. 
It is used extensively by the chemical industry where corrosive 
agents are employed. It is used as a getter in vacuum tubes, 
as an alloying agent in steel, in making surgical applications, 
photoflash bulbs, explosive primers, rayon spinnerets, lamp 
filament etc. 
With niobium, zirconium is super conductive at low 
temperature and is used to make super conductive magnets, which 
provides direct large scale generation of electric power. Whein it, 
is alloyed with zinc, becomes magnet at temp below 35K. 
• 2 • 
I 
Zirconium Oxide (zircon) has a high index of refraction and is 
used as a gem material. The impure oxide is used for laboratory 
cruibles that withstand heat shock, for linings of metallurgical 
furnaces, and by the glass and ceramic industries as a refractory 
material. The highly ionized zirconium atom is used in connection 
with tokamak fusion research. 
Studies of Zr spectra in our group were started by 
Chaghtai in Paris in 1963; these were continued in Lund (Sweden) 
1968-69 and developed at Aligarh since 1969 with the help of 
material assistance of Lund University and the theoretical 
calculations performed at Los Alamos (U.S.A.) (by R.D. Cowan). 
The analysis of Zr spectra have constituted the Ph.D. thesis of 
Dr. Rahimullah Khan (1977) and Dr. Zainul Abedeen Khan (1981). 
In the following pages, a description is given of the 
various spectra of Zr that are known to us so far experimentally; 
taken one by one. Energy levels determined from the observed 
transitions are tabulated for each spectrum. A number of confi-
gurations are plotted to the scale. 
: 3 : 
The First Two Spectrum of Zirconium (Zr I and Zr II) 
(i) Spectrum of Neutral Zirconium (Zr I) 
—C S ^ _J U 
( Ground configuration: 4d 5s ) 
Zirconium belongs to the 2nd transition period of 
elements. The spectrum of neutral zirconium atom as described 
in A.E.L. Vol. II (1952) is based on the work of Kiess and 
Mrs. Kiess (1931) who observed nearly 1600 lines of this 
o 
spectrum in the region 2088-9277 A and c l a s s i f i e d approximately 
80>< of them. Meggers and Kiess (1932) extended the observat ions 
o 
to 10739 A. These analyses led them to e s t a b l i s h the ground 
2 2 3 
conf igura t ion (4d 5s ) l e v e l s of t h i s atom with F2 as the 
ground most, and the l e v e l s of the exc i ted conf igura t ions 
4d^ns ( n = 5 , 6 ) , 4d^5s5p, 4d'^, 4 d % p , 4d5s^5p, 4d^5s6s, 
4d^5s5d and 4d^5p^. 
The ion iza t ion l i m i t of t h i s spectrum as l i s t e d by 
Moore (1970) is due to Catalan and Rico (1952) . All the 
observed terms and l eve l s of th i s spectrum are reproduced in 
Table 1(a) and Table 1(b) r e s p e c t i v e l y . 
( i i ) Spectrum of Singly Ionized Zirconium (Zr I I ) 
o 
( Ground configuration: 4d 5s ) 
Singly ionized zirconium (Zr II) has naturally 39 
electrons and is isoelectronic with neutral yttrium (Y I). 
: 4 : 
.2. ... 4. •J £1 
Its ground configuration is 4d 5s with F-^ /o ^^ ground most 
3 2 2 level. The observed excited configurations are 4d , 4d5s , 4d 5p 
4d5s5p, 4d^6s and 4dSd. More than 700 lines of Zr II falling 
o 
in the spectral region 1743 - 6788 A were classified by Kiess 
and Kiess (1930). The analysis was further extended by Kiess 
(1953) to include levels 4d'^ d ^03/2^5/2' 
The ionization limit reproduced were due to Catalan 
and Rico (1956) as listed by Moore (1970). All the observed 
terms and energy levels are given in Table 2(a) and 2(b) 
respectively. 
: 5 : 
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Table l b - Energy Levels of Zr I 
3 
•*4 
1 
0 
2 
> 
3 
3 
4 
a 3, 
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C o n f i g u r a t i o n Des igna t ion Level 
4d^5s^ a ^F2 0 .00 
a ^Fo 570.41 
a ^F^ 1240.84 
4d^5s^ a ^P2 4186 .11 
a ^P, 4376.28 
a ^P^ 4196.85 
4d^(b ^F)5s a ^F^^ 4870.53 
a ^Fo 5023 .41 
a ^F3 5249.07 
a ^F^ 5540.54 
a ^F,, 5888.93 
4d^5s^ a •'•D2 5101.68 
4d^5s^ a -"-G^  8057.30 
4d^(b ^P)5s a ^Pj^ 10885.36 
a ^ Po 11016.65 
a ^P^ 11258.38 
4d^(b '^ F)5s b ^F2 11640.72 
b F^-, 11956.33 
b ^F^ 12342.37 
4d'^ (a -^G)5s a ^G^ 12503.44 
a ^G. 12760.66 
G^ 12772.78 
• 8 . 
4d^5s^ a "Sr, 13141.76 
4d^(b ^ D)5s a ^ D, 14123.01 
14348.78 
14697.03 
4d^5s(a '*F)5p z ^ GJ 14783.54 
15201.26 
15720.36 
16316.96 
16978.29 
o 
4d^(a ^H)5s a ^ H^ 14791.28 
14988.51 
15119.66 b 
4d^(b ^ F)5s c ^ Fo 15146.48 
15457.40 
4d^(b '^ P)5s 
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15932.10 
4d^5s(a '^ F)5p ^F§ 16296.51 
16843.93 
17556.26 
4d25s(a '*F)5p ^F? 16786.93 
17059.61 
17422.17 
17832.73 
18276.92 
4d-^ (b ^P)5s c ^Po 17142.72 
17059.82 
17321.52 
4d^(b ^D)5s b -"Do 17228.42 
4d^5s(a '^ F)5p z ^D" 17429.86 
17813.64 
18243.56 
4d^5s(a ^D)5p z ^D^ 17511.78 
4d~^ (a ^ G)5s b ""G^ 17752.73 
4d^(a ^H)5s a ""H^ 18738.94 
4d^5s(a '^ F)5p z ^^ D;^  18976.36 
19096.53 
19323.84 
19625.58 
19833.78 
4d'^ 5s(a ^P)5p z ^P° 20233.97 
20519.20 
20466.83 
4d'^  a "D^ 21726.28 
21801.21 
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22145.31 
22398.00 
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4d^5s(a '^ F)5p z ^G!^ 21849.33 
22144.08 
22563.89 
4d^5s(a ^P)5p z ^S° 21974.18 
4d^5s (a ^P)5p y -"D:^ 22750.53 
4d^5s (a ^D)5p z ""F" 22862.02 
4d^5s(a '*P)5p y ^ D " 23018.92 
23319.86 
23660 ..97 
4d^5s(a '^P)5p z ^S? 23085.06 
4d25s(a '^P)5p y ' ^D" 23122.29 
23246.33 
23489.43 
23889.03 
24376.37 
4d^(b '^F)5p y ^F? 23597.47 
23567.12 
24006.30 
4d^5s(a ^F)5p y ^F° 24387.52 
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4d25s(a '*P)5p z ^ P° 25489.87 
z ^P2 25645.97 
z ^P^ 25898.16 
4d^(b '^ F)5p y ^ G2 25630.48 
y ^0° 25971.71 
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y ^G° 26011.56 
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4d^5s(a ^U)5p X ^¥2 26061.70 
X ^F® 26443.88 
X -^ F° 26938.42 
4 
4d^ 5s (a ^P) 5p X ^t^° 26154.13 
X -^ D® 26557.21 
X ^D° 27111.16 
4d'^ (b ^-D)5D X ^ F° 26226.97 
12 
4ci^(b '^F)5p w X 2 6 9 0 2 . 4 5 
2 ^ 2 1 . 9 6 
2 7 4 8 2 . 2 6 
4(1^5s( a ^ F ) 5 p z ^ G J 2 6 9 3 1 . 3 5 
4 d ^ ( b ^U)5p X ^D^ 2 7 5 1 5 . 3 8 
401^5s( a ^ P ) 5 p y ^P^ 2 7 6 0 0 . 2 4 
27572.52 
27673.35 
4 d 2 b s ( a 2 F ) 5 P W \% 27876.16 
28157.42 
28528.36 
4d^(a 2G)5P Z \ \ 27908.28 
28211.82 
28608.62 
4d^5s(a 2 F ) 5 P X '^^ G^  28404.26 
28749.8q 
29001.65 
4d^(b '*F)5p y ^ F? 28446.92 
28595.03 
28818.02 
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2 9 1 2 2 . 7 1 
2 9 5 3 5 . 4 8 
4d' '^5s(a ^-D)5p x ^P° 2 8 6 3 2 . 7 5 
28709.88 
2 8 9 0 9 . 5 7 
4d^-5s(a '^-U)5p v ^D° 28800.511 
2 9 0 5 7 . 8 4 
29274.82 
4d -5s (a ^U)5p z "'•p? 28999.46 
4 d ^ ( b '^F)5p X ^D° 2 9 5 8 8 . 0 7 
2 9 6 7 7 . 1 4 
2 9 8 4 7 . 4 9 
3 0 0 8 7 . 3 3 
30 3 8 4 . 5 0 
4 d ^ ( a 2 G ) - , P y 1 G ° 3 1 0 5 0 . 4 8 
4 d \ b ^ F ) 5 p w -"G^ 3 1 3 2 6 . 6 1 
31694.52 
32152.16 
O A 
4d 5 s ( a T ) 5 p y -^S? 3 1 8 5 0 . 7 7 
4d^-5s(a ^ P ) 5 p y -^p^ 3 2 7 2 2 . 8 0 
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4cl^(b ^ F ) 5 p V ^F2 32972 .30 
V ^Fg 3 3 1 9 1 . 8 6 
V ^F^ 3 3 6 8 8 . 2 3 
4 d ^ ( b '^P)5p X ^S° 3 3 1 1 3 . 8 0 
4 d ^ ( b ^U) 'ip u ^F2 3 3 1 6 3 . 9 8 
u -^F3 3 3 4 2 0 . 4 7 
u ^F^ 3 3 5 5 9 . 3 4 
4 d ^ ( b '^P)5p w ^D° 33349o56 
w ^D° 33444.87 
w ^D2 33632.48 
w ^0° 33912.09 
w ^D° 34287o49 
4d25<5(a '•^ F)5p u ^D° 33486.82 
u ^D2 33764.82 
u ^0° 34239.82 
4d^5s(b ^G) z ^ H° 33839.20 
4d-^ (a '-H)5p y ^H° 34450.60 
y ^H° 34705.90 
y ^H^ 35135.07 
15 : 
4d^(b '^P)5p y ^ p j 34617.00 
y ^Pg 34761.52 
y ^P® 35090.90 
4d5s^(c ^D)5p w -^ 02 34850.96 
4d^5s(a '^F)6s e ^F^ 35046.95 
e ^Fo 35210.30 
4d^(b '^P)5p w ^P° 
e ^F^ 35476.07 
e ^ F . 35860.83 
e ^Fc 36360.20 
I 
w ^P° 35205.52 
w ^p^ 35456.25 
4d^5s(b ^G)5p t ^F^ 35514.53 
t ^F3 35805.63 
t ^F^ 36001.35 
4d^(a ^H)5p z ^1° 35781.67 
z ^1° 36173.03 
z ^1° 36152.85 
4d-^(b '^P)5p y ^S? 35990.21 
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41787.62 
4d-^(b ^F)5p V •'•D? 40557.65 
4d^(b S )6s 
e 
e 
e 
e 
e 
t 
t 
t 
V 
f 
f 
f 
f 
f 
e 
e 
e 
e 
e 
w 
^"3 
^"4 
^H, 
\ 
\ 
3pO 
3pO 
*^ 1 
3pO 
^ 2 
^2 
\ 
% 
% 
\ 
% 
^2 
°3 
°4 
^5 
^6 
P^° 
40653.41 
40849.70 
41068.00 
4d25s(a "^ DSd ^G^ 40660.65 
40887.61 
41179.30 
41538.23 
41940.86 
D 
4 d 5 s ^ ( c ^D)5p  '• ';' 4 0 9 3 1 . 6 0 
: 19 : 
4d^ (a '^lOSp w ^G° 41319.96 
4d^(a ^H)5p t ^0° 42102.56 
t ^G° 42272.41 
t ^G° 42834.96 o 
4d5s^(c ^D)5p q ^D° 42296.80 
\ ° 4 2 4 3 3 . 6 5 q 2 
q ^0° 4 2 7 9 9 . 2 0 
4 d ^ ( a ^H)5p X •'"H^ 4 2 3 0 9 . 2 9 
4 d 5 s ^ ( d ^D)5p q ^F2 4 2 7 0 6 . 0 0 
q ^F3 4 3 2 6 8 . 2 4 
q ^F° 4 3 2 7 6 . 0 0 
4 d ^ ( b ^ P ) 5 p w ^ S j 4 3 1 8 2 . 9 6 
4 d ^ ( b ^ P ) 5 p s ^P° 
s ^P^ 44882.30 
s "^ P2 45017.13 
4d^(b ^P)5p p ^D° 45405.30 
p ^D2 45587.62 
p ^0° 45710.29 
4d25p^ f ^G2 45798.48 
f ^G^ 46195.15 
'3 
f ^G^ 46641.42 
: 20 t 
f ^G^ 47134.50 
f ^G^ 47698,29 
4d^(b ^ F)5p u ^F3 46328.16 
4cl5s^ (cl ^ D)5p 0 ^ DJ 47765.56 
o ^0° 48133.64 
o ^0° 48713.44 
4d^5s(a ^S)5p v ^P° 51899.40 
2 2 3 2 4 ^^1 
Ionization limit 4d 5s F2-4d 5s Fq/o 55145 cm 
H 
CO 
m 
O 
c^  
i o 
H 
T3 
u 
> 1 
o 
+ 
"?^  
• ^ 
«« 
• • ? 
e 
% t i w 
Si 
n 
o 
5l 
Al 
^r* 
U5 
Al 
0. 
e 
Al 
WW 
o 
o o 
0 O 
•* « N ^4 
0 0 
W H 
•• 
g. 
M 
H 
o 
p 
H 
0 
0^  M 
14 
o 
0 O 
>>> 
O 0 
PHPL, 
• * « 
;>);» 
o o 
CQCQ 
Q C3 
M 
w 
o 
o 
w 
M 
0 
o 
o 
M 
;>> 
O 
o 
o 
^ M 
H 
09 
Si 
O 0 
• * M 
; 5 i ; i 
o o 
OP 
H w 
O 0 
O^P^ 
N ;^ 
g 
p 
o 
0 
C4 
a 
o 
P 
3 
o 
frc 
n 
3 
s 
p 
a 
Co 
•a 
• * 
: 22 : 
Table 2 b - Energy Level of Zr I I 
C o n f i g u r a t i o n Des igna t ion Ec(cm"" ) Remark 
4d'^(a % ) 5 s a ^"c^i^ 0 . 0 0 
a '*F5/2 314o67 
a '^F7/2 763.44 
a '^Fg/2 1322,91 
4d-^  b 4 F ^ ^ 2 2572.21 
b '^Fc./o 2895.05 
' 5 /2 
7/2 
' 9 /2 
b ^F^/o 3299.64 
b "^Fn/o 3757 066 
4d^(a ^U)5s a ^0^ /2 4248.30 
2 
a Dcj/2 4505.50 
4d^(a ^F)5s a ^P , /o 5724.38 1/2 
'3/2 a ^P^/o 6111.70 
4d2(a ^P)5s a '^^^i^^^ 5752.92 
a ^F^ /o 6467.61 7 / 2 
i^r ^ 3r>\ci„ ^ 4 4d"(a ^P)5s a ^P, /^ 7512.67 1/2 
3/2 
5/2 
a "^P^/o 7736.02 
a ^Pp-/o 8058.16 
4d^ ^ ^ ^ 7 / 2 783-7.74 
a ^Gg/2 8152.80 
: 21 : 
4d^ 
4d3 
46^ 
4 d ^ ( ^ G ) 5 s 
4 d 5 s ^ 
4d~^ 
4d^ 
4 d 2 ( l 3 ) 5 s 
4d^ 
b 
b 
b 
a 
a 
b 
b 
b 
b 
c 
c 
d 
d 
b 
b 
b 
b 
a 
d 
d 
^ P l / 2 
^ ^ 3 / 2 
\ / 2 
" 9 / 2 
" 1 1 / 2 
•^3/2 
\ / 2 
°7/2 
G9/2 
D3/2 
^^5/2 
°3/2 
^^5/2 
^7/2 
2p 
^Pl/2 
^^3/2 
^1/2 
\ / 2 
°3 /2 
9553.10 
9742.80 
9968o65 
11984.46 
12359.66 
13428.50 
14162.90 
14059.76 
14190.45 
14298.64 
14733.37 
17614.00 
18396.54 
19433.24 
19514.84 
19613.54 
20080030 
25201.57 
27640.60 
27699.96 
: 24 : 
4 d ^ ( a % ) 5 p z ^G° 27983.83 
5/2 
z ^^0° 28909 o04 
7 /2 
z "^0° 298 39.87 
9/2 
z "^ G^ 3 0 7 9 5 . 7 4 
1 1 / 2 
4 d 2 ( a 3 p ) 5 p 2 2pO 2 9 5 0 4 . 9 7 
5 / 2 
z F ° 3 0 5 6 1 . 7 5 
7 / 2 
A(f{a % ) 5 p z "^po 29777.60 
3/2 
z ^F° 3 0 5 5 1 . 4 8 
5 / 2 
z ^F° 3 1 2 4 9 . 2 8 
7 / 2 
z "^F^ 3 1 8 6 6 . 4 9 
9 / 2 
4d ( a ^F)5p z ^D° 3 0 4 3 5 . 3 8 
3 /2 
z ^'0° 3 1 1 6 0 . 0 4 
5 / 2 
4 d 2 ( a 3 F ) 5 P Z 4DO 3 1 9 8 1 . 2 5 
1/2 
z "^ 0° 32256,71 
3/2 
5/2 
7/2 
z ^D° . 32614.71 
z "^ 0° . 32899.46 
: 25 
4d^(a 3p)5p y ^0° 32983.73 
3/2 
y ^D° 33419.45 
5/2 
4d^-(a •^F)5p z ^G° 34485.42 
7/2 
z ^G° 35185o64 
9 /2 
4d^(a 3p)5p z 2s0^2 34810.03 
^ (-H O , 
4d2(a 1 D ) 5 P Z ^po 36196,57 
2 S 3 / 2 35914.81 
1/2 
4d2(a '^^ P)5p y "^0° 36237,04 
1/2 
y "^0° 36638.50 
3/2 
y ^^0° 37171.22 
5/2 
y '^ D° 38041.49 
7/2 
4d5s (a ^D)5p y "^F^ 36451.79 
3/2 
y "^F^ 36869.00 
5/2 
.0 
1/7 
rO 
9/2 
y ^F° 37429.76 
y "^F^ 38644.12 
4 d ^ ( l i ) 5 p y^ 'FO, 37346,31 
5/2 
y 2po 311Q'7.^9 
7/2 
; 26 : 
4d^(a ^P)5p 
4 d 5 s ( a ^^D)5p 
4d5s (a •^U)5p 
4d^(a -'^P)5p 
4d^(^'3)5p 
4 d ' ' ^ ( n l l } ) ^ p 
4 d 2 ( l G ) 5 p 
z 4 s ° 
3/2 
z ^P° 
1/2 
z "^P^ 
3/2 
z 4p° 
5/2 
X ^0° 
1/2 
X ^0° 
3/2 
X ^0° 
5/2 
X ^0° 
7/2 
y 2pO 
1/2 
y ^P° 
3/2 
y 2G° 
7/2 
9/2 
2„o X D 
3/2 
X ^0° 
5/2 
z H 
9/2 
z ^H?w. 
37681.75 
38063.40 
38133.50 
38482.64 
38934.37 
39192.35 
39640.08 
40238.55 
40727.26 
41337.36 
40852.74 
40878.25 
41467.72 
41676.82 
41738.21 
42409.95 
: 27 : 
4d2(a -^ D)5p x ^ F° 42504.11 
7/2 
X ^ F° 42860.72 
5/2 
4d^(a ^P)5p y "^ p^  42789.24 
1/2 
y ^P° 42893.54 
3/2 
y "^ P^  43202.45 
5/2 
4d5s(a lD)5p w ^D° 
3/2 
1/2 
4d5s(a ^D)5p w ^F° 
5/2 
7/2 
4d5s(a ^U)5p w ^ P° 
1/2 
5/2 
-o 
7/2 
45054.87 
w ^D° 45186.05 
5/2 
4d^(^S)5p X ^ P° 45568.21 
3/2 
X ^P° 45944.00 
47881.88 
w ^F° 48344.91 
52585.80 
w ^P° 52876.80 
3/2 
4d5s(a l^j)5p V D^*^  55835.53 
3/2 
V ^D° 56569.44 
5/2 
4d5s(a 3u)5p V ^ pO 57062.00 
V F° . 57741.16 
: 28 
4d5s(a ^U)5p V ^Pw2 60814.50 
V ^P5/2 61861.90 
4cl^ (a ''F)6S e ^^2/2 63602.64 
e F^c./o 63868.45 5/2 
7/2 
•9/2 
e '^ F.^ /o 64368.28 
e ^F^/o 64901.71 
4cl^ (a '^ F)6s e ^^^/2 65872.41 
e ^F^ /2 66192.68 
4d^(a ^U)6s e ^03 /2 66686.25 
e ^U5/2 66192.68 
4d^(^G)6s e ^G^/2 69116.70 
e ^Gg/2 69283.38 
4d2(a ''F)5d f ^Fp /^2 73852.95 
f '^^'j/2 74496.80 
4d^(a ''F)5d f ^F3/2 74611.28 
f ^?r./^ 75343.57 5/2 
7/2 
9/2 
4d2(lG)5d e 2 l i i / 2 
f "^F^/o 76009.05 
f ^Fo/o 76593.58 
76395.50 
e ^li2/2 76838.70 
: 29 
4 d ^ ( ^ G ) 5 d e ^Hg/2 7 7 7 4 3 . 0 0 
' 1 1 / 2 
^7/2 
^9/2 
' 1 1 / 2 
' 1 3 / 2 
4 d ^ ( l G ) 5 d f 2 G 
e ^H, , /o 7 8 2 8 0 . 9 0 
4d '^(a ^F)5d e "^H^/^ 7 8 5 7 7 . 8 5 
e "^H^/o 7 8 8 4 7 . 6 7 
e ^ H , , /o 7 9 1 9 8 . 3 5 
e "^H, 0 /0 79280 o 30 
'7/2 79624.60 
f ^Gg/2 8 0 3 1 1 . 5 4 
4 d ^ ( a ^F)5d g ^G^/2 8 3 2 2 1 . 4 5 
g ^Gg/2 8 3 5 4 7 . 3 5 
4 d ^ ( a '^F)5d f ^Hg/2 9 0 9 8 6 . 5 0 
f ^H^j^/2 9 1 7 3 7 . 4 0 
2c. 4^ , 6 , ^ 2 3^ , ^ , ^ ^ 0 ^ ^ _ - 1 I o n i z a t i o n l i m i t 3d 5 s F o / o "" '^P ^^ ^o 1059900 cm 
: 30 : 
The Doubly Ionized Zirconium (Zr III) 
o (^ o 
( Ground Configuration; 4s 4p 4d ) 
The two-times ionized zirconium atom is isoelectronic 
with neutral strontium. The ground configuration of Zr III 
is 4d which gives rise to (FP) and (GDS) terms with 'F2 
as the ground level. Terms produced by the excitation of one 
or both of the 4d electrons to higher orbits are given below 
for the configurations known in the literature: 
4d'-
4dn' 
4dn' 
4dn' 
P 
P 
d 
4dnf 
5s2 
5p 
5sn ' 
5sn ' 
5sn ' 
5snj 
5 s n 
• s 
P 
d 
F 
' g 
'(FP) 
'D 
(FDP) 
'(GFDPS) 
'(HGFDP) 
'D 
(GDS) 
•D 
(FDP) 
^(GFDPS) 
^(HGFDP) 
(DS) 
•D 
where n ^  "*» "' 2 ^ ^"^ n"''2 6 
: 3L ; 
3 T lUf Jovr-is of triplets and singlets are Mi^ ^^ ^, G^ ^ ,-^, 
^2,3,4' °1,2,3' ^0,1,2' ^1' ^5' ^4' ^3' °2' ^1* 
and SQ. 
The two-electron (2-r0) spectrum of doubly ionized 
atomic zirconium was first investigated by Kiess and Lang 
in 1930. In 1956, Kiess published an elaborate revision 
covering the spectral region 680-3500 A°. He established 
2 2 
thirteen configurations, namely, 4d , 4d5s, 5s , 4d5p, 5s5f, 
4d5d, 4d6s, 4d6p, 4d4f, 5p^, 5s5d, 5s6s and 5s4f Khan et al 
2 
(l981) revised the level structure of 5s and 4d6p as 
reported by Kiess and improved the level values of the 
other eleven configurations. They also analysed transitions 
involving 4d6d, 4d5f, 5s6p and 5s5f configurations, and 
establi«?hed most of their levels. 
The ionization energy of Zr III was evaluated to be 
186400 + 500 cm"-*- (23.11 + 0.06 eV-) by Khan et al (1981). 
They observed transitions from levels of the 5s5g configu-
rations which lie above the ionization limit. 
The observed energy levels are assembled in Table 3. 
2 2 
The observed level structure of 4d , 4d5s, 5s , 4d5p, 5s5p 
are plotted in fig. 3(a); of 4d5d, 4d6s, 4d6p in fig. 3(b) and 
thatof 4d4f, 5p^, 5s5d, 4d6d, 5s6s, 4d5f, 5s6p, 5s4f, 5s5f, 
1 3 
in fig, 3(c). As shown in fig. 3(c) 4d5f D lies below D 
1 3 3 
and G below G as expected. The splitting of P is f^ ound 
32 : 
to be much larger, raising "^P^^ above P. level. The splitting 
of 5s5f F^ enguifs ^F as in fig. 3(cl). 
References; 
Kiess, C.C. and Lang, R<,J,, J. Research Natl. Bur. Standards, 
5, 305 (1930). 
Kiess, C.C, J. Research, Natl. Bur. Standards, 56, 167 (1956) 
Khan, Zainul Abedeen, Chaghtai, M.S.Z. and Rahimullah, K., 
Physica Scripta, £3, 29 (1981)o 
Table-3 Energy levels of Zr III 
33 
Configuration Designation E(cm"-'-) Remark 
46' 
4cl5s 
5s 
4d5p 
'D. 
0 
' 0 
'D. 
'Dr 
'D, 
Dr 
"0 
'D. 
D, 
'Dr 
D, 
0 .0 
681.2 
1485.8 
5742.8 
8062.7 
8327.0 
8839.7 
11049.9 
23974.9 
18400.8 
18804.7 
19535.3 
25066.9 
36473.7 
53648.6 
55557.0 
56076.4 
57683.7 
55615.4 
56437.4 
57348.1 
CCK 
KCR 
CCK 
: 34 : 
^ P Q 5 9 9 4 7 . 2 CCK 
^P^ 59698.6 
^P2 6 0 3 5 7 . 8 
h^ 6 2 1 1 6 . 5 
^F3 6 2 5 8 9 . 5 
F 
3^ 
^2 
5 s 5 p ^Pj^ 7 9 4 3 7 . 0 
P^ 8 0 1 0 5 . 9 
^Po 8 1 5 5 6 . 7 
• • • P , 8 3 7 7 7 . 4 
4d5d ^D^ 1 0 3 7 6 2 . 0 
•^02 1 0 4 1 0 9 . 8 
^Do 1 0 4 8 8 1 . 7 
^63 1 0 4 6 3 6 . 1 
^G^ 1 0 5 1 9 2 . 0 
^^ G^ 1 0 5 9 6 8 . 8 
-'•D2 1 0 6 5 0 2 . 8 
h^ 1 0 7 2 5 6 . 3 
^F3 1 0 7 8 2 2 . 9 
-^F^ 1 0 8 3 1 7 . 9 
^ P Q 1 0 7 6 2 5 . 7 
-^P^ 1 0 8 3 6 0 . 6 
~^P2 1 0 9 2 7 1 . 2 
^F3 1 0 9 0 9 8 . 4 
h^ 1 0 9 1 5 3 . 6 
: 35 
^ S , 1 0 9 6 0 1 . 2 CCK 
'1 
C 
1 
• " • S Q 1 1 0 5 9 7 . 4 
G4 1 1 0 6 2 9 . 7 
^Po 1 2 1 1 2 9 . 5 2 
F 
3 
r 
4 
^ 2 1 1 9 6 4 1 . 2 
F3 1 1 9 6 1 1 . 3 
^F^ 1 1 9 7 9 5 . 5 
^F3 1 2 0 1 1 1 . 0 
^P^ 1 2 1 5 3 2 . 0 
4d4f ^H^ 1 2 0 6 6 4 . 4 
^H^ 1 2 1 0 2 1 . 4 
• " • G ^ 1 1 9 9 7 3 . 6 
^F2 1 2 0 5 6 2 . 6 
^F3 1 2 0 7 9 2 . 6 
t 
4 d 6 s ^D^ 1 0 5 0 1 1 . 4 
"^02 ^ 1 0 5 3 2 4 . 7 
^Dg 1 0 6 3 0 5 . 3 
^Do 1 1 0 1 3 6 . 1 I 
4d6p ^D2 117542.2 CCK* 
^D^ 117498.5 
^2 117924.9 
^D^ 118702.0 
^PQ 118595.1 
^P, 118033.8 
CCK 
: 36 : 
\ 
°4 
3r 
^5 
\ 
\ 
\ 
\ 
\ 
\ 
S 
3p 
5 s 5 d ^D^ 
\ 
\ 
\ 
4d6d ^F3 
\ 
^3 
121278 .3 
1 2 2 0 9 1 . 0 
122020 .6 
122609 .0 
122894 .9 
123309 .4 
123342 .3 
1 2 3 4 0 7 . 1 
123963 .4 
123907 .9 
124790 .0 
124683 .8 
124467 .0 
126366 .8 
125994 .5 
126559 .6 
126851 .9 
128598 .5 
136792 .2 
137001 .7 
13700002 
1 3 9 4 4 5 . 1 
137676 .8 
137719 .0 
138849 .3 
139067 .5 
CCK 
CCK* 
CCK 
1 • 
t 1 
• 1 
1 • 
t 1 
• 1 
1 
1 « 
KCR 
1 1 
t f 
1 1 
: 37 
^Gg 1 3 8 1 1 2 . 3 KCR 
•^G^ 1 3 8 8 5 0 . 6 
3p 
^Sj^ 1 3 9 2 8 9 . 5 
^P^ 1 3 9 3 6 3 . 1 
^D^ 1 3 9 4 7 1 . 6 
^F2 1 3 9 6 4 4 . 7 
^F 
^ 3 
^ F ^ 1 4 0 9 4 8 . 4 
\ 
^P^ 1 4 0 1 1 2 . 5 
^?2 1 4 0 5 2 6 . 6 
5 s 6 s ^Sj^ 1 3 9 3 7 6 . 5 CCK 
^SQ 141741.5 " 
4d5f ^G^ 141868.1 
•^H^ 144432.3 KCR 
'4 
% ^H. 144178.4 CCK* 
•^ Fo 143952.8 CCK* 
^F^ 143513.1 CCK" 
^F^ 145316.5 CCK* 
^D2 144849.5 CCK* 
^G3 145362.2 CCK* 
-^ G^  146025.2 KCR 
-^G^ 145198.9 KCR 
: 38 : 
^Dj^ 1 4 6 1 2 7 . 9 CCK* 
^D^ 145114 .7 KCR 
^03 1 4 5 9 1 5 . 5 KCR 
h 1 4 6 9 0 9 . 9 KCR 
3 
^P^ 1 4 8 3 5 2 . 0 KCR 0 
3 
' ' I 
3 
"2 
^P^ 1 4 7 9 5 7 . 9 KCR 
^Hc 1 4 8 6 1 6 . 9 KCR 
P , 147130 .7 CCK* 
Po 146400 .0 CCK* 
5 s 6 p ^ P Q 1 5 2 5 7 9 . 8 KCR 
-^P^ 1 5 2 8 0 5 . 8 " 
•^P2 1 5 4 0 0 1 . 6 ' ' 
•^P, 1 5 6 1 9 8 . 8 
4 
1 F3 180438 .0 
I f 
5 s 4 f ^F2 1 5 5 1 8 3 . 8 CCK 
^F3 1 5 5 2 2 4 . 5 CCK 
^F^ 1 5 5 2 8 9 . 3 CCK 
^F3 1 5 6 1 5 0 . 9 CCK 
5 s 5 f % 2 1 7 9 8 0 0 . 8 KCR 
^F3 1 8 0 0 1 0 . 0 " 
~^F. 1 8 0 5 2 4 . 2 •• 
I • 
I o n i z a t i o n l i m i t 4p^4d^ ^F2 4p^4d '^03/2 186400+500 cm'-^ 
39 : 
Observed energy levels of Zr III (above ionization 
limit) 
Configuration Designation ECcm" ) Remark 
5s5g ^Gg 
\ 
\ 
CCK - Level values of C.C. Kiess (1956) improved upon by 
Khan et al(1981). 
CCK Level established by C.C. Kiess (1956) designation 
revised by Khan et al (1981) 
KCR Level established by Khan et al (1981) 
2 0 5 2 9 2 . 2 
205305 .5 
2 0 5 3 1 5 . 0 
206407o3 
CCK 
CCK 
CCK 
CCK 
: 4C : 
The Triply Ionized Zirconium (Zr IV) 
( Ground configuration: 4s 4p 4d ) 
The ground levels of the three-times ionized zirconium 
2 
atoms are ^0/2 5/0 • They give rise to a simple doublet 
spectrum resulting from the excitation of the single electron 
from the ground 4d to a higher orbit. Thus the normally 
2 
excited levels are nl Lr 1 r _J, with n > 5 except for 
^-^ ' '-"^  2 
- 3 and 4 where n >_ ^  (s.g. ns S, /2 for n 2 ^ » 
"P ^^1/2, 3/2 f^^ " ^  ^ • "d ^^3/2^ 5/2 for n > 4 ; 
2 2 
nf f^c,/2 7/2 ^°^ " 2 ^ • "9 ^7/2 9/2 '^ •^'^  " 2 ^ etc.)* 
In addition to this an internally excited configuration 
5 2 4p 4d is formed by the transfer of a 4p electron to 4do 
It consists of forty five energy levels belonging to the 
terms. 
d^ -(^ F)p^  : "^ (GFD) ^(GFD) 
d^ '('^ P)p^  : ^^CDPS) ^-(DPS) 
d^(^G)p^ : ^(HGF) 
d^ -(^ U)p^  : ^(FDP) 
d^ (%)p^  : S 
Some of these l eve l s are expected to l i e above the ioniza t ion 
l i m i t . 
: 41 : 
The spectrum of triply ionized zirconium was first 
analysed by Bowen and MiUikan in 1926. They established the 
ground term 4p 4d "^D anc^  vorked out 5s,5p, 6s and 4f configu-
rations. Kiess and Lang (1930) added 5d and 7s configurations 
o 
by identifying transitions in the region 625-230CA Kiess (1956) 
revised 7s and added 6p, 6d, 5f, 5g, 6f and 6g configurations. 
Later on Epstein and Reader (1975) commented on the Zr IV limit 
and point out that the reported 6d levels were spurious. 
Rahimullah et al (l980), and Acquista and Reader (1980) carried 
out detailed studies of this spectrum independently and published 
them almost simultaneously. Their level values for configu-
ration commonly dealt with agree in all cases except 6d. 
Acquista and Reader (1980) in their above mentioned paper 
added the energy levels of 7g, 8s, 8g and 9g configurations. 
They re-evaluated the ionization limit of this spectrum to be 
277605.8 cm"*-"-. Rahimullah et al (l980) reported 12 of the 
forty five energy levels of the internally excited configura-
5 2 tlon 4p 4d . 
The observed energy levels are assembled in Table 4 
and the level structures are given in fig. 4(a) and 4(b). 
References 
Acquista, N and Reader,J.,J. Opt. Soc. Am. 2Q» ^89 (1980)o 
Bowen, I.S. and Millikan, R.A., Phys. Rev. 28, 923 (1926)» 
Bpstein, G.L. and Reader,J,,J., Opt. Soc. Am. 65, 310 (1975). 
Kiess, C.C. and Lang, RoJo, J. Res. Nati, Bur. Standards, 5, 
305, (1930). ' 
Rahimullah, K., Khan Zainul Abedeen and Chaghtai, M.S.Z., 
Physica Scripta, 22, 493 (1980). 
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Table-4 Energy Levels of Zr IV 
Configuration Designation ECcm" ) Remark 
4p^4d ^^^3/2 ^'^ ^^^ 
^D^/o 1250.6 CCK 
'5/2 
'1/2 
'1/2 
5s ^ S ^ / 2 38259c33 cCK 
5p ^ P i / o 81976 .47 CCK 
^P^/^ 84461.31 CCK 
5cl ^ ^ 3 / 2 1 4 6 6 5 2 . 3 5 CCK 
^ 0 ^ / 2 147002 .30 CCK 
6s ^ ^ 1 / 2 1 5 2 5 1 3 . 0 CCK 
4f ^ ^ 5 / 2 1 5 9 0 6 6 . 6 6 CCK 
^F'j/2 1 5 9 0 8 6 . 8 2 OCK 
6p ^ ^ 1 / 2 169810 .6 CCK 
^ P ^ / o 170815 .9 CCK 
6d ^°3/2 197765.02 AR 
D^<,/o 197930.36 AR 
7s ^ ^ 1 / 2 2 0 0 1 2 3 . 7 CCK 
5f ^ ^ 5 / 2 2 0 1 1 1 4 . 0 6 CCK 
^^j/2 201162 .57 CCK 
5g ^ ^ 7 / 2 206864 .32 CCK 
^Gg /2 2 0 6 8 6 4 . 5 8 CCK 
7p ^ ^ 1 / 2 2 0 8 7 8 3 . 3 CR 
^ P 3 / 2 2 0 9 2 9 7 . 5 5 CR 
6f ^F.:./o 2 2 4 4 1 9 . 5 CCK 
4T 
8s 
6g 
7g 
8g 
9g 
5 2 
'P) 
'F) 
'P) 
'P) 
'G. 
"a 
D, 
'D 
'D 
D 
D 
"D 
"G 
7/2 
'1/2 
7^/2 
9^/2 
^7/2 
'9/2 
7/2 
'9/2 
7/2 
'9/2 
7/2 
3/2 
5/2 
'l/2 
%/2 
3/2 
'7/2 
'3/2 
1/2 
'5/2 
5/2 
7/2 
224487.6 
224814.3 
228479.6 
228479.8 
241526.28 
241526.43 
249995.24 
249995.35 
255800.2 
255801.4 
222178.9 
226355.7 
235713.1 
238210.0 
239915.0 
245787.0 
247761.9 
253453.6 
258929.9 
259329.7 
265120.1 
266793.9 
CCK 
AR 
CCK 
CCK 
AR 
AR 
AR 
AR 
AR 
AR 
CR 
CR 
CR 
CR 
CR 
CR 
CR 
CR 
CR 
CR 
CR 
CR 
_ _ 
Ionization Limit 4p°4d D 4p^ ^SQ 277605.8 + 1.5 3/2 cm 
CCK - Levels established by C.C. Kiess (1956) 
CR - Levels established by Rahimullah et al (1980) 
AR - Levels established by Acquista and Reader (l980) 
: 44 : 
The Four-Times Ionized Zirconium (Zr V) 
_ _ _ _ _ _ 
(Ground configurat ion 4s 4p ) 
Zr V is i so^ lec t ron ic with neu t ra l Krypton (Kr I)o 
f\ 1 The ground level of four times ionized zirconium i s 4p S • 
Lowest exci ted conf igurat ions are 4p 4d, 5 s . The normally excited 
higher configurat ions may be obtained r a i s i n g fur ther up the 
e lec t ron outside the 4p - core . The term s t ruc tu re s in LS -
coupling scheme of the conf igura t ions d e a l t with are as follows: 
4p" 
4p^nd 
4p n' s 
4p n' p 
4p^nf 
4p n' g 
4s4p'4d 
4s4p''5d 
(FDP) 
•(DPS) 
(GFD) 
•(HGF) 
'U 
'(FUP) 
'(DPS) 
'(GFD) 
'(HGF) 
'D 
where n 2 '^j r»' 2 ^ 
1 ID 
The s i n g l e t and t r i p l e t l e v e l s of the above terms a re S , ^ i ' 
1 1 1 1 3 3 3 3 3 
^ 2 ' ^ 3 ' ° 4 ' ^ 5 ' ^ 1 ' ^ 0 , 1 , 2 ' " ^ 1 , 2 , 3 ' ^ 2 , 3 , 4 ' ^ 3 , 4 , 5 ^""^ 
'H 4 , 5 , 6 • 
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The spectrum of the Krypton like ion Zr V was first 
investigated by Chaghtai (1969,70), who reported a number of 
6 5 ^ 
resonance transitions 4p - 4p nl in the region 200-400 A. 
The work on resonance transition was revised and extended by 
Reader et al (1972) to establish the J=l levels for a number 
of excited configurations. Reader and Acquista (1979) observed 
and analysed transitions between the excited configuration's and 
determined the complete level structures of the principal excited 
configurations of Zr V. Their analysis covers the wavelength 
o 2 5 
region 165-2650 A. Their work includes complete 4s 4p 5s, 6s, 7s, 
5 2 5 
5p, 4d, 5d, 4f, 5g, 4s4p 4d and nearly complete 4s 4p 6d and 5g 
configurations. Khan et al (l98l) besides confirming the above 
mentioned analyses added 35 new energy levels belonging to the 
2 5 
configurations 4s 4p 6p, 7p, 5f and 6f. 
The ionization energy as reported by Reader and Acquista 
is 64P050 + 60 cm"-*- (80.349 + 0.007 eV) . 
All the known energy levels are given in Table 5. The 
5 
observed Invel structures of 4p 4d, 5s, 5p, 4f are plotted in 
fig. 5(a); 4p^5d, 6s, 5p, 5f, 7s, 5g, 6f, 7p, 8s, 9s, 10s in 
fig 5(b) and that of 4s4p 4d, 5p in fig. 5(c). The levels of 
5 
4p 4d configuration interact with the levels of same J '-'ithin 
the configuration resulting in the anamolous placing of the 
3 
levels of D term. 
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Table 5 Energy Level of Zr V 
C o n f i g u r a t i o n Des igna t ion E(cm"* ) Remark 
4p^4d 
4p^5s 
4p 'jp 
^0 
'^0 
\ 
\ 
\ 
^^3 
% 
\ 
\ 
\ 
^2 
^^3 
^^1 
3/2 (3/2)2 
3/2 (3/2)^ 
1/2 (1/2)Q 
1/2 (1/2)^ 
3/2 (1/2)^ 
0 
241379 
243561 
247961 
251283 
253753 
257360 
265845 
270560 
271602 
274654 
277145 
328941 
325015 
327617 
340315 
342246 
371893 
MC 
a 
MC 
a 
a 
a 
a 
a 
1 
a 
MC 
a 
a 
MC 
MC 
a 
a 
RE 
a 
48 
4s4p^4d 
4p^4f 
3/2 (5/2)2 
3/2 (5/2)3 
3/2 (3/2)^ 
3/2 (3/2)2 
3/2 (1/2)^ 
1/2 (3/2)^ 
1/2 (3/2)2 
1/2 (1/2)^ 
1/2 (1/2)^ 
\ 
\ 
s 
\ 
3/2 (9/2)^ 
3/2 (9/2)4 
3/2 (7/2)3 
3/2 (7/2)4 
3/2 (3/2)^ 
3/2 (5/2)2 
3/2 (5/2)3 
3/2 (3/2)^ 
376895 
378751 
380853 
382984 
388851 
391996 
395994 
396298 
402688 
434715 
435759 
437678 
450144 
453685 
454537 
457545 
458430 
460475 
460691 
460765 
464012 
a 
1 
a 
a 
a 
a 
a 
a 
a 
a 
RA 
RA 
RA 
RA 
a 
a 
a 
a 
a 
a 
a 
a 
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4p^5d 
4p^6s 
1/2 
1/2 ( 
1/2 ( 
1/2 ( 
3/2 ( 
3/2 ( 
3/2 ( 
3/2 I 
3/2 ( 
3/2 ( 
3/2 ( 
3/2 ( 
1/2 ( 
1/2 ( 
1/2 < 
1/2 ( 
3/2 ( 
3/2 
1/2 
1/2 
[7/2)3 
7/2)4 
.5/2)3 
'5/2)2 
.1/2)^ 
:i/2)jL 
7/2)4 
:3/2)2 
7/2)3 
5/2)2 
5/2)3 
3/2)^ 
5/2)2 
:3/2)2 
[5/2)3 
[3/2)^ 
[3/2)2 
[3/2)^ 
[1/2), 
[1/2), 
470771 
471760 
473712 
476128 
452936 
453904 
455441 
455628 
455923 
457610 
458521 
462305 
471305 
472012 
472517 
476473 
472338 
473173 
487747 
488293 
a 
a 
a 
a 
MC 
RE 
a 
a 
a 
a 
a 
MC 
a 
a 
a 
MC 
a 
MC 
a 
MC 
50 
4p^6p 
— 
4p^5f 
3 / 2 
3 /2 
3 /2 
3 / 2 
3 /2 
3 / 2 
1/2 
1/2 
1/2 
1/2 
3 / 2 
2l1 
3 /2 
3 /2 
3 / 2 
3 /2 
3 /2 
3 / 2 
1/2 
1/2 
( l / 2 ) i 
( 3 / 2 ) ^ 
( 5 / 2 ) 3 
( 5 / 2 ) 2 
( 3 / 2 ) 2 
( 1 / 2 ) 0 
( 3 / 2 ) ^ 
( 1 / 2 ) 1 
( 1 / 2 ) 0 
( 3 / 2 ) 2 
( 3 / 2 ) ^ 
( 5 / 2 ) 3 
( 3 / 2 ) 2 
( 5 / 2 ) 2 
( 7 / 2 ) 4 
( 9 / 2 ) 5 
( 7 / 2 ) 3 
( 9 / 2 ) 4 
( 7 / 2 ) 3 
( 5 / 2 ) ^ 
491116 
494472 
494760 
495912 
496428 
499458 
509310 
510066 
510942 
511263 
521937 
524012 
524043 
525058 
526322 
526856 
528446 
528971 
531172 
533991 
KRC 
KflC 
KRC 
KRC 
KRC 
KRC 
KRC 
KRC 
KRC 
KRC 
KRC 
KRC 
ICRC 
KRC 
KRC 
I<RC 
KRC 
KRC 
Kl^C 
KRC 
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4p'^7s 
5p 5g 
4p'^6f 
1/2 ( 
1/2 ( 
3/2 ( 
3/2 ( 
1/2 ( 
1/2 
3/2 ( 
3/2 ( 
3/2 ( 
3/2 ( 
3/2 ( 
3/2 ( 
3 / 2 
3/2 ( 
1/2 ( 
1/2 
1/2 
1/2 ( 
3/2 ( 
3/2 ( 
3/2 ( 
>7/2)^ 
: 5 / 2 ) 2 
. 3 / 2 ) 2 
: 3 / 2 ) ^ 
: 1 / 2 ) 0 
: i / 2 ) i 
: 5 / 2 ) 2 
. 5 / 2 ) 3 
. 1 1 / 2 ) , 
: i i / 2 ) 5 
: 7 / 2 ) 4 
: 7 / 2 ) 3 
: 9 / 2 ) 4 
. 9 / 2 ) ^ 
. 9 / 2 ) 4 
; 7 / 2 ) 4 
; 9 / 2 ) ^ 
: 7 / 2 ) 3 
: 7 / 2 ) 4 
: 7 / 2 ) 3 
; 3 / 2 ) ^ 
542154 
542259 
536764 
537213 
552258 
552521 
536682 
536732 
536961 
536984 
537502 
537539 
537807 
537817 
552878 
552894.5 
552894.7 
552934 
561990 
564023 
564856 
I<RC 
KRC 
a 
RE 
a 
RE 
RA 
RA 
RA 
RA 
RA 
RA 
RA 
RA 
RA 
RA 
RA 
RA 
KRC 
KRC 
KRC 
52 : 
{^D; 
(^ D) 
(^ D) 
(^ D) 
(^ D: 
(^D: 
(^ D' 
("D 
(V 
("D 
c'p 
(2D 
(2p 
(2p 
(2p 
(2p 
(S 
(2p 
(2p 
3., 
'^2 
3F 
^^3 
. \ 
1 % 
) 3 F 
' ^2 
) \ 
) \ 
)S 
' "^ 2 
^ \ 
) \ 
, 303 
) \ 
^ \ 
492000 
498029 
501798 
504480 
504897 
506544 
507603 
507868 
512175 
515789 
522993 
524269 
527639 
530030 
5 30591 
530172 
534485 
538927 
540660 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
t 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
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4p^4f 
4p^7p 
4p^8s 
4s4p 5p 
(2p) h^ 
(^ P) ^SQ 
(^ S) ^F^ 
^^I 
^^4 
^F 
3/2 (3/2)^ 
3/2 (5/2)3 
3/2 (9/2)5 
3/2 (9/2)4 
1/2 (7/2)3 
3/2 (5/2)2 
1/2 (7/2)4 
1/2 (5/2)2 
1/2 (5/2)3 
1/2 (3/2)^ 
3/2 (3/2)^ 
1/2 (1/2)^^ 
^^1 
542453 
556807 
535917 
537188 
537241 
537305 
566315 
571163 
572894 
578073 
578213 
578527 
579372 
579483 
579973 
566476 
571376 
586882 
573776 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
KRC 
KRC 
KRC 
KRC 
KRC 
KRC 
KRC 
KvRC 
KRC 
KRC 
RE 
RE 
RE 
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4p59-r 3/2 (3/2)^ 591916 
4p^lOs 3/2 (3/2)^ 605118 
RE 
RE 
Ionization limit 4p^ ^s^-As^^p^ ^^3/2 "^^ 8050 + cm"-"-
MC - Levels established by M.S.Z. Chaghtai (1969,70). 
RE - Levels established by Reader et al (1972). 
RA - Levels established by Reader and Acquista (1979). 
a - Levels established by Reader and Acquista and also by 
Zainul Abdeen Khan et al (1981) 
independently. 
C^RC- Levels established by Khan et al (1981). 
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The Five-Times Ionized Zirconium (Zr VI) 
2 5 (Ground c o n f i g u r a t i o n ' s 4p ) 
The five times ionized zirconium atom (Zr VI) i s i s o -
e l e c t r o n i c with neut ra l bromine (Br I ) . I t s ground s t ruc tu r e 
i s due to f ive equivalent p - e l ec t rons of the outermost subshe l l . 
2 5 2 They c o n s t i t u t e an inver ted doublet 4s 4p Po/o 1/2* '^ ^^ lowest 
exci ted configurat ion 4s4p i s obtained by t r ans fe r r ing one of 
the inner 4s e lec t ron to 4p subshe l l . S t ruc tu res of the normally 
exci ted conf igurat ions are obtained by r a i s i n g an outer p -
e lec t ron to a higher o r b i t . The terms of the exc i t ed configura-
t ions d e a l t with are given below: 
4s4p : 
4/ 3 \ 4p ( Pjns : 
4p^(^D)ns : 
4p'*(^S)ns : 
4p^(^P)np : 
4p^(^D)np : 
4p'^(^S)np : 
4p'^(^P)n'd: 
4p'^(^D)n'd: 
4p^(^S)n'd: 
* ^ 
"^ (DPS) 
'^ (FDP) 
2s 
2p 
2D 
h 
2(DPS) 
2(FDP) 
2p 
2(FDP) 
2(GFDPS) 
2D 
where n > 5 and n' > 4 . 
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The first analysis on Zr VI involving transitions from 
4 the 4p 4d,5s configura-tions to the ground inverted doublet 
2 5 
^3/2 1/2 °^ ^^ ^^^ reported by Paul and Rense (1939) 
Chaghtai (1969,70) revised it followed by Ekberg et al (l972). 
Chaghtai et al (1974) extended this work to the excited 
configurations 5d, 6d and 6s, 7s through observed resonance 
transitions from these configurations establishing twenty 5d, 
eleven 6d, eight 6s and four 7s levels. Chaghtai et al (1981) 
added all the twenty one levels of 5p the remaining nine of 4d 
and three of 7s configurations through a study of transitions 
between low lying excited configurations. 
The first series limit reported by Chaghtai et al (l981) 
is found to be 776500 + 500 cm"''- (96.21 + 0.6 eV) . 
The observed energy levels are assembled in Table 6. The 
4 4 4 
level structures of 4p 4d; 4p 5s, 5p and 4p 5d, 6s, 6d, 7s are 
plotted in figs. 6(a), 6(b) and 6(c) respectively. The doublet 
3 4 
and quartets formed of ( P) Parantage of the 4p 5p configuration 
should be inverted and the remaining doublets should be normal 
butb"rn\i';p of the strong interactions between some levels of the 
configuration a mixed situation is observed. 
57 : 
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Table-6 Energy Levels of Zr VI 
Configuration Designation ECcm"-"-) [Remark 
2 5 4 s 4p^ 
4s4p° 
4s^4p'^4d 
•D 
'D 
D^ 
D, 
'D 
D 
4, D 
D 
3/2 
^ / 2 
'1/2 
5/2 
7/2 
3/2 
1/2 
'9/2 
'7/2 
'1/2 
'3/2 
'5/2 
'1/2 
'3/2 
3/2 
'7/2 
'5/2 
'3/2 
0 
15607 
191570 
248938 
249524 
250019 
252438 
261056 
266143 
266280 
271295 
271373 
272093 
272833 
274666 
277193 
278743 
279460 
PR 
PR 
PR 
EHR 
ZCR 
EHR 
ZCR 
ZCR 
ZCR 
EfiR 
EHR 
EHR 
MG 
EHR 
EHR 
ZCR 
EHR 
EHR 
59 : 
-
4s^4p'^5s 
(^ D 
(^ D 
(^ u 
(^ P 
(^ D 
('D 
(^ s; 
(^ s; 
(^ D: 
(^ p] 
('p. 
(^ p^) 
(^ p) 
(V 
i\ 
i\ 
i\ 
i\ 
{\ 
) \/2 
) Gg/2 
^ ^5/2 
' ^5/2 
' ^7/2 
' "^3/2 
) ^0^/2 
' ^1/2 
'P3/2 
2 
' °5/2 
'Pl/2 
2n 
°3/2 
>^ 5/2 
^^/2 
)h/2 
^3/2 
h/2 
h/2 
^3/2 
h/2 
283115 
285673 
286400 
287143 
299610 
303519 
319338 
325442 
334697 
339682 
343715 
346350 
358172 
364822 
369716 
377448 
379771 
384782 
393558 
394198 
423229 
MC 
ZCR 
ZCR 
MC 
EHR' 
ZCR 
MC 
ZCR 
PR 
EHR 
EHR 
PR 
EHR 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
ZCR 
60 : 
4p 5p 
(^ P ) 
^ ^2> 
(^ P ) 
i\) 
( ^ ) 
(^ P ) 
(^ P ) 
( % ) 
i\) 
( \ ) 
(^p,) 
(S) 
(^ D,) 
(S) 
(\) 
(^ 0,) 
(S) 
(iD^) 
(^ S ) 
3/2 
'5/2 
' l /2 
5/2 
7/2 
' l /2 
^3/2 
"D 
'D 
D^ 
D^ 
1/2 
'3/2 
5/2 
•3/2 
3 /2 
'1/2 
^5/2 
'7 /2 
• °3 /2 
'D 
•D 5/2 
'1/2 
'3/2 
'3/2 
'1/2 
423114 
424592 
425676 
427116 
427645 
436172 
437474 
438427 
440224 
440553 
444078 
445849 
447702 
449732 
452408 
459078 
459582 
464728 
472926 
483178 
487131 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
61 : 
4s^ -4p'^ 5d 
4s^4p'^6s 
'P 
D^ 
D^ 
•D 
D^ 
D^ 
U^ 
D^ 
U^ 
•D 
4, 
2, 
"D 
"D 
3/2 
1/2 
'l/2 
3^/2 
5/2 
'l/2 
'3/2 
'5/2 
'3/2 
'5/2 
^5/2 
'3/2 
'1/2 
'3/2 
5/2 
'5/2 
3/2 
•D 
-D 
1/2 
5/2 
3/2 
% ) 2>'5/2 
515159 
516456 
520571 
521727 
522030 
528383 
528963 
529327 
530534 
532410 
533738 
534546 
543291 
544414 
545658 
547208 
547773 
548808 
574491 
574951 
545533 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
EUR 
EHR 
62 : 
4s^ 4p'^ 6d 
^ ^2^3/2 
('^ 1)3/2 
^\h/2 
(\)l/2 
( 02^5/2 
^^^3/2 
^ ^ oh/2 
(3P) ^ 03/2 
/ 3 \ 2 
( p) D5/2 
/ 3 \ 2 (3P) ^ 03/2 
('P) 'P3/2 
/ 3 \ 2 ('P) 'F5/2 
(^ P) 2p3/2 
(^ D) 2s^/2 
(^ D) 2p^^2 
[ID) 2D3/2 
[^ S) 2D„/2 
547462 
558207 
559035 
561044 
573135 
573307 
602185 
612884 
615760 
615946 
627101 
628153 
628413 
628878 
639581 
642028 
642472 
668809 
EHR 
EHR 
EHR 
EHR 
EHR 
EHR 
EHR 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
CRA 
63 
4s^ 4p'^ 7s %) 2-'5/2 
^2^3/2 
'P1^3/2 
3 Poh/2 
^PJ 1^1/2 
•Do) 2^5/2 
^D.) 2^3/2 
627892 
628705 
641229 
641507 
642474 
564721 
654955 
CRA 
CRA 
CRA 
ZCR 
CRA 
ZCR 
ZCR 
2 5 2 
Ionization limit 4s 4p P3/2 4s^4p^ •^^2 776500+500 cm""^  
PR-Lpvels established by Paul and Rense (1939) 
MC-Levelsestablished by Chaghtai (1969 70) 
EHR-Levels established by Ekberg, et al (1972) 
CRA-Levels established by Chaghtai,et al (1974) 
ZCR-Levels established by Zainul Abedeen Khan et al (1981) 
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The Six-Times Ionized Zirconium (Zr VII) 
( Ground configuration : 4s 4p ) 
The six-times ionized zirconium atom in its ground state 
has four equivalent p-electrons. It gives rise to five levels, 
- o i l 3 
namely, P^ •, Q» D2 and ^S^ with P2 as the ground most level. 
The first excited configuration 4s4p has Pr, , 0 and Pi ^^ 
31 i t s level s t r u c t u r e , while for each n ,conf igura t ions 4p n s ( n 2 ^) 
4p np (n 2 5>) , 4p nd (n 2 4) and 4p nf ( n 2 4) give r i s e to ten, 
twenty-four, t h i r t y - e i g h t and t h i r t y - n i n e l eve l s respectiv^^ly. 
The terms of the known conf igurat ions of Zr VII are as under: 
AsW (DS) 3. 
4 s 4 p 5 
4s^4p-^' S ) n s : U 
4 s ^ 4 p ^ ' "U)ns 'D D 
2 3 4 s 4p- ' ' "P)ns : 
4s^4p-^' S ) n p 
4s 4p-^' "U)np : (FDP) '(FDP) 
4 s ^ 4 p ^ ' "P)np : (DPS) '(DPS) 
4 s ^ 4 p 3 ' S)nd : 'D IJ 
2 1 4 s 4 p ^ ' 2 D)nd : (GFDPS) '(GFDPS) 
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•"•(FOP) 
^(HGFDP) 
^(GFD) 
^(FDP) 
^F 
^(HGFDP) 
-^ (GFD) 
^F 
4s^ 4p^ (''^ P)nd 
. 2. 3/4,,^  ^ 4s 4p ( b)nf : 
2 
4s^4p^( [))nf : 
4s^4p^(^P)nf : 
Sel-like spectrum of Zr VII was first introduced in the 
literature by Chaghtai (1969,70) through identification of the 
4 3 transitions 4p -4p 4d, 5s. Reader and Acquista (1976) added to 
5 this levels of the internally excited configuration 4s4p throuqh 
observation of the ground - level transitions 4s-4p. The analysis 
resulted in significant improvement of level values of the ground 
2 4 
configuration 4s 4p . Chaghtai et al (1976) and Rahimullah et al 
(1978) revised and extended the previous work of Chaghtai. Khan 
et al (1983) studied the transitions between excited levels of 
Zr VII and established all the remaining fifteen levels of 
3 3 
4p 4d, twenty four of the twenty-eight 4p 5p and thrity-nine 
3 
of the forty 4p 4f levels. 
The observed energy levels are given in Table 7. The 
2 4 5 level structures of 4s 4p and 4s4p are plotted in fig. 7(a), 
4p-^ 4d in fig. 7(b), 4p^5s, 5p in fig. 7(c) and that of 4p''4f 
in fig. 7(d). The levels appear to be highly mixed within the 
configuration. 
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Jn\)]n-/ Energy Levels of Zr VII 
Conf Iqura t Ion Designation ECcm"-'-) Remark 
4s 4p 
4s4p^ 
2 ? 4s 4p^4d 
Dr 
3p 
0 
'D 
D 
•D 
"D 
•u 
"D 
D. 
D, 
'D. 
T. 
D, 
Vr 
D, 
'D, 
0 
12557 
13549 
27176 
56943 
192812 
201981 
208638 
243704 
262683 
263119 
263702 
264081 
264903 
275418 
280850 
282416 
285543 
288053 
289300 
MC 
MC 
MC 
MC 
MC 
RA 
RA 
RA 
RA 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
RCK 
RCK 
RCK 
ZCR 
: 68 : 
CD) 
(2D) 
C^D) 
(^ D) 
(^ D) 
( P) 
(2p) 
('P) 
(^ P) 
(2p) 
(^ P) 
(S) 
(2p) 
(^ P^) 
(S) 
(^ D^) 
eo) 
eo) 
ev) 
CS) 
(^ D) 
^^4 
\ 
3„ 
G4 
S^ 
\ 
\ 
\ 
\ 
^2 
^3 
^F2 
^Pl 
•^^ 4 
\ 
3p 
^2 
^1 
\ 
\ 
% 
\ 
\ 
291472 
296679 
298282 
300720 
303439 
311985 
312987 
317400 
320989 
322407 
323711 
323870 
324907 
328276 
330126 
342695 
343828 
345215 
346462 
352853 
354335 
ZCR 
RCK 
ZCR 
ZCR 
ZCR 
RCK 
RCK 
ZCR 
1 
RCK 
MC 
RCK 
ZCR 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
MC 
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2 1 4s 4p'^5s 
4 s ^ 4 p % p 
(^ D) 
(^ S) 
(^ s) 
(^ D) 
(^ D) 
(^ P) 
(^ S) 
C's) 
('s) 
3p 
0 
\ 
\ 
\ 
S 
\ 
5= 
^1 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
355650 
360177 
364897 
371371 
380360 
397987 
408775 
418375 
434766 
434815 
439534 
443204 
456721 
458043 
466123 
469225 
480659 
483891 
485937 
ZCR 
RCK 
MC 
RCK 
RCK 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
ZCR 
ZCR 
ZCR 
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^3 
^F 
^F^ 
F^ 
(^D) \ 
\ 
\ 
\ 
\ 
S 
\ 
\ 
\ 
\ 
3p 
^2 
^?2 
'U 
\ 
\ 
% 
537755 
544993 
550590 
551632 
558693 
561210 
562488 
563171 
564700 
565115 
567315 
567856 
569037 
569941 
570021 
573393 
574700 
575653 
575945 
579106 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 1 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
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(^P) 
^p 
^^3 
\ 
^3 
3p 
3p 
% 
\ 
3p 
\ 
\ 
'P4 
\ 
'^3 
\ 
579304 
579472 
580700 
589941 
590816 
593862 
594160 
594650 
594996 
597895 
599170 
601935 
606167 
608920 
618148 
ZCR 
ZCR ' 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
ZCR 
MC - Levels established by Chaghtai (1969,70) 
RA - Levels established by Reader and Acquista (1976) 
RCK - LevPls established by Rahimullah et al (1978) 
ZCR - Lovels established by Khan et al (1983) 
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The Seven-Times Ionized Zirconium (Zr VIII) 
(Ground conf igura t ion: 4s "4p') 
The seven-times ionized zirconium i s i soe lec t ronic vyith 
2 3 
neutra l a rsenic (ASI) . I t s ground conf igura t ion 4s 4p cons i s t s 
of five l eve l s belonging to three terms, with 4 as the 
^3/2 
4 
ground most level. The internally excited configuration 4s4p 
2 2 
and the normally excited configurations 4p nd and 4p ns 
give rise to eight, twenty eight and eight levels respectively. 
All thp terms to which the above mentioned levels belong to 
are as follows: 
4n3 
4p' 
4p 
4p' 
4p 2 
4p^  
4p 
4p^  
4p' 
4p' 
2 
-^ P)4s 
•^D)4s 
1„ 
;)4s 
3 P)nd 
iJ)nd 
^3)nd 
\)n's 
1.. )n' s 
^S)n's 
'(FDP) 
2 (DPS) 
-D 
(FDP) 
'(GFDPS) 
-D 
•D 
n 2 ^ 'y n' > '^  
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The e lqht spectrum of zirconium was f i r s t studied by 
Rahimul)nh e t al (1976) through i d e n t i f i c a t i o n of the 4p-'5s 
t r a n s i t i o n s . Rahimullah e t al (1978) extended t h e i r work to 
4p-4d t r a n s i t i o n s . Khan e t al (1980) c l a s s i f i e d resonance 
t r a n s i t i o n s from i n t e r n a l l y exci ted configurat ion 4s4p 
4 
e s t a b l i s h i n g a l l the e igh t energy leve l of 4s4p . Addition of 
2 
seven new levels of 4p 4d led them to establish all the twenty 
six o\jt of tventy eight energy levels of this configuration 
which can combine to the ground levels through electric dipole 
transitionspermitted by J - selection rule. Acquista et al 
3 2 4 
(1981) confirmed the previous work on 4p' ^  4p 5s and 4s4p 
4 2 
configurations except 4s4p Pi/o level which they revised 
in their vjork. The ionization energy of Zr VIII as reported by 
them is 133o5 + 0.5 eVo 
All the known energy levels of Zr VIII are assembled in 
2 3 4 2 Table 8o The level structures of 4s 4p^ , 4s4p and 4p 4d are 
2 ^ 
plott'^ d in fig. 8(a) and that of 4p 5s in fig. 8(b). The 4s4p 
configuration exhibits a huge splitting of the parent 4p ( P) 
4 2 2 
term into P and P, so that P is situated above even the 
2 1 
S th'Ti- is formed from S term, which is the highest of the 
parent 4p configuration. This is normally observed so whenever 
the s and p electrons involved belong to partially filled 
subshells of the same shell (Chaghtai and Rahimullah 1979). 
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TabLe-8 Energy L e v e l s of Z r V I I I 
C o n f i g u r a t i o n D e s i g n a t i o n 5(ctn~ ) Remark 
^ 0 3 / 2 2 3 1 5 5 . 7 RCK I 
^Dp,/^ 2 8 9 2 9 . 8 RCK I 
^5/2 
'3/2 
^P , /o 46 3 8 0 . 8 RCK I 
^ P o / o 5 5 6 0 8 . 1 RCK I 
4 s 4 p "^^5/2 1 8 8 3 1 3 . 2 ZCR 
^ ^ 3 / 2 1 9 8 4 5 7 . 2 ZCR 
"^^1/2 2 0 2 1 0 5 . 3 ZCR 
^ ^ 3 / 2 2 3 1 5 1 1 . 0 ZCR 
^ ^ 5 / 2 2 3 4 4 7 8 . 0 ZCR 
^ ^ 1 / 2 2 6 4 8 7 0 . 9 ZCR 1 
^ ^ 3 / 2 2 6 6 4 7 7 . 5 ZCR 
^ P ^ / 2 2 8 2 8 6 0 . 3 ZCR* 
4s^4p^'4cl ^^^^ "^^3/2 295743 ZCR 
(~^P) '^F^^2 298922 ZCR 
("^P) ^^^7/2 305143 ZCR 
(^P) ^ F ^ / o 306489 ZCR 5/2 
'1/2 
7/2 
(-^P) "^ D, /^  308973 ZCR 
(^ P) ^F^/o 310989 ZCR 
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(3p) 
( ' p ) 
(5p) 
( ' p ) 
C^D) 
( 3 p ; 
( 3 p ; 
( 3 p ; 
(^'p) 
/ 3 > ( P 
(3p 
{^D 
(V 
( I D : 
(V 
{^ D 
(^D 
(^D 
(^s 
(Is 
\ l l 
\ / 2 
°7/2 
^^3/2 
2 . 
° 7 / 2 
' % / 2 
^Pl /2 
' ^^2/2 
""1/2 
^^3/2 
' \ / 2 
. 2 
' D3/2 
I \ / 2 
2 
' P l / 2 
* ^ 5 / 2 
) ' P 3 / 2 
) S^ /2 
) F 7 / 2 
) ^ 0 3 / 2 
) D5/2 
31135 3 
316479 
326654 
335405 
338837 
3 4 5 X 6 
347856 
349934 
353556 
355625 
- 364969 
371654 
374113 
377391 
381450 
387030 
387621 
387698 
403601 
403992 
RCK 
RCK 
ZCR 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
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2. 9 4s 4p bs 
'h/2 
^^3/2 
^^5/2 
^Pl/2 
'P3/2 
^^5/2 
^°3/2 
2. 
^1/2 
473532 
483622 
490913 
489084 
496387 
512828 
514585 
539792 
RCK 11 
RCK II 
RCK II 
RCK II 
RCK II 
RCK II 
RCK II 
RCK II 
RCK I - Levels established by Rahimullah et al (1976) 
and confirmed by Reader and Ecquista (1981) 
RCK - Levels established by Rahimullah et al (1978) 
RCK II- Levels established by Rahimullah et al (1978) 
and confirmed by Reader and Ecquista (1981) 
ZCR - LevoLs established by Khan et al (1980) and 
confirmed by Reader and Ecquista (1981) 
ZCR"^ - Level established by Khan et al (l980) and 
revised by Reader and Ecquista (1981) 
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The Bight-Times Ionized Zirconium (Zr IX) 
( Ground Configuration: 4s 4p~) 
The ground configuration of Zr IX consists of five 
T 1 I ? 
levels, namely PQ , 2 > Dp and S^ ; P^ being the ground 
2 
most level. The normally excited configurations 4s 4pns and 
2 3 
4s"4pnd, and the internally excited configuration 4s4p give 
rise to the following terms: 
4p( TOns : 
4p(^P)nd : 
4p^('^s)4s: ^S 
4p^(^U)4s: 
4p^('^P)4s: 
The first study on the spectrum of Zr IX based on the 
2 
analysis of 4p -4p5s transitions was reported by Rahimullah 
et al (1975). In 1978 they extended their analysis to 
establish all the energy levels of 4p4d along with two levels 
3 1 3 
of 4s4p c o n f i g u r a t i o n , namely, P. and S, . They a l s o 
iirif)! c v d upon Lhoir p r e v i o u s l y r e p o r t e d 4p'3s l e v e l v a l u e s . 
Ch'TThtai e t a l (1980) made a d e t a i l e d s tudy of the 
4s 4p' _ 4s4p t r a n s i t i o n s and e s t a b l i s h e d a l l t h e energy 
3 
l e v e l s of 4s4p c o n f i g u r a t i o n . 
3p 
^(FDP) 
3s 
3D 
3p 
Ip 
•'(FDP) 
ID 
ip 
: 7Q 
All the observed energy levels are given in Table ^, 
2 3 The level structure for the configurations 4p , 4s4p and 
3 3 
4fi4d^ are p l o t t e d in f i g . 9 ( a ) . The 4s4p D2 I'^vel i s 
3 3 
s l t i i n t ed below D, under the i n t e r a c t i o n of 4p4d D^. 
Th" 4p4d l e v e l s a re s i t u a t e d in the o rde r exceo t f o r the 
3 3 3 . 
anomalous p l ac ing of the D^ and P„ l e v e l s . D- i s 
1 3 
depressed under the influence of F^ and P^^ is influenced 
3 3 by 4s4p P-^ . Level structure for 4p5s configuration is 
plotted in fig. 9(b). The triplet-singlet structure is 
completely destroyed and the levels clearly obey pair couDlin-j 
scheme. Therefore, we have adopted the appropriate notation 
to designate the levels of the configurations. 
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7 a b l e - 9 Energy Levels of Zr IX 
C o n f i g u r a t i o n Des igna t ion E(cm" ) Remark 
4s 4p ^p^^ 
\ 
^D 
4s4p^ ^S2 
\ 
\ 
s 
\ 
\ 
\ 
\ 
\ 
\ 
4s24p4d ^Fy 
\ 
\ 
^P 
3 
0 
11365 
18976 
39777 
66594 
156942 
202589 
202697 
206808 
231675 
233862 
236359 
267109 
282370 
304110 
317808 
325260 
346881 
354697 
359881 
362928 
367082 
368826 
RCK 
RCK 
RCK 
RCK 
RCK 
CZR 
CZR 
CZR 
CZR 
CZR 
CZR 
CZR 
CZR 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
RCK 
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2 
4s Ap'^ s 
\ 
'^3 
\ 
(1/2,1/2)^ 
(1/2,1/2)^ 
(3/2,1/2)2 
(1/2,1/2)3 
369552 
395762 
402026 
529476 
531136 
549097 
55 3008 
RCK 
RCK 
RCK 
RCKI 
RCKI 
RCKI 
RCKI 
RCKI - Levels established by Rahimullah et al (l976). 
RCK - Levels established by Rahimullah et al (1978). 
CZR - Levels established by Chaghtai et al (1980). 
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The Nine-Times Ionized Zirconium (Zr X) 
' ' 2 ————— 
(Ground conf i g t j r a t i o n : 4s 4p) 
The n i n e - t i m e s i o n i z e d z i rconium atom i s i s o e l e c t r o n i c 
2 2 
wi th n e u t r a l ga l l i um and has 4s 4p P i / O ' 3 / 2 ^^ ^^^ ground 
2 
s t r u c t u r e l e v e l s ; P i / o ^yif^g d e e p e s t . The low l y i n g e x c i t e d 
2 1 2 2 2 
c o n f i g u r a t i o n s are 4s4p , 4p 4s 4d , 4s 4f, 4s 5 s , 4s4p4d and 
4s4p5s wi th terms as f o l l o w s : 
4s4p^ : S ^(DPS) 
4p^ : "^ S ^(DP) 
4s^4d : ^D 
2 2 
4s 4f : ^F 
2 9 
4s 5s : '^ S 
4s4p(^P)4d : '^(FDP) ^(FDP) 
4s4p(^-r)4d : ^(FDP) 
4s4p( '^P)5s : '^ P ^P 
4s4p(^P)5'5 : ^P 
Alr>xand«r e t a l (1971) f i r s t i d e n t i f i e d two 4p-5d 
t ran=5i t ions of t h i s spec t rum. These t r a n s i t i o n s were found 
to h" s p u r i o u s ( C u r t i s and Ramanujam 1983) . 
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A preliminary analysis involving some resonance 
tran-^ ;! tions was made by Khatoon (1978). The ground level 
2 2 intPiv )1 4s 4p P observed by Curtis et al (1984) agrees 
well .vith that reported by Khatoon. Reader et al (l986) 
reported five observed levels of this spectrum, four of 
which are same as established earlier by Khatoon, namely 
2 2 2 2 
4s 4p Pi /2 3/2 ^"^ 4s4p Pi/p T/O* "^^^ fifth level 
2 2 4s 55 "S, /2 was a newly established one.. 
The ionization energy as reported by Reader et al 
(1986) is 1387400 + 400 cm""'- (172.02 + 5 eV) . 
The observed energy levels are given in Table 10. 
Level structures are plotted in fig.10. 
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Table 10 - Energy Levels of Zr X 
Configuration Designation E(cm~-'-) Remark 
4s 4p 
4s4p' 
4s 5s 
1/2 
\3/2 
"1/2 
'3/2 
'1/2 
0 
19884 
273979 
279655 
bllbll 
SC 
sc 
1 
SR 
SR 
RAS 
Ionization limit 4s^4p ^^1/2 " ^s^ ^S^ 1387400+400 cm"-'-( 172.02_i;5^ 
SC - Levels established by Sabra Khatoon, Ph.D. thesis 
(1978) and confirmed by Curtis et al (1984). 
SR - Levels established by Sabra Khatoon, Ph.D. thesis 
(1978) and confirmed by Reader et al (i986). 
RAS - Levels established by Reader et al (l986). 
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The Ten-Times Ionized Zirconium (Zr XI) 
( Ground configurations : 3d ^ 4s ) 
The zinc-like ion of zirconium (Zr XI) has two equivalent 
electrons in its outer 4s sUbshell, making it completely filled, 
with S as the ground level. The excited configurations dealt 
2 9 2 
with are 4s4p, 4p , 4s5p and 3d 4s 4p. The terms arising out of 
the concerned configurations are as below: 
3dl04s2 
3d^°4s4p 
36'W 
3d^^4s5p 
3cl*^ 4s^ 4p (FDP) 
Alexander et al (l971) reported two 
P 
(DS) 
P 
(FDP) 
r a n s i t i o n s , 
2 1 1 3 
namely 4s S^-4s5p Pj^, P^. Reader and Acquista (1977) 
e s t ab l i shed 4s4p P. l eve l through t h e i r s o l i t a r y observed 
t r a n s i t i o n 4s^ •'•SQ-4S4P ^P^ in Zr XI. Wyart e t al (l981) 
studied 3d-4p t r a n s i t i o n s of t h i s spectrum. The c l a s s i f i c a t i o n s 
reported by them were 
3dl04s2 ^ S 3d'^ 4s^  ^Dj^, ^P^. Litzen et al (1984) 
observed 4s' 4s4p and 4s4p 4p types of transitions 
They confirmed the value of 4s4p P. reported by Reader and 
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2 2 
Acquista (l977) and thus established 4s , 4s4p and 4p levels. 
All the energy levels are given in Table. 11. Level structures 
2 9 2 
of 4s4p, 4p , 4s5p and 3d 4s 4p are plotted in fig. 11. 
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Table 11 -
Configuration 
4s2 
4s4p 
4p2 
4s5p 
9 3d^4s '-^P 
Energy 
Des 
Levels of Zr XI 
iignation 
^0 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
E(cm"^) 
0 
171866 
178280 
193992 
251031 
400979 
413535 
435047 
415363 
893920 
902960 
1445920 
1458570 
Remark 
AE 
LA 
LA 
LA 
RA 
LA 
LA 
LA 
LA 
AE 
AE 
WRR 
WRR 
AE - Levels established by Alexander et al (1971). 
LA - Levels established by Litzen and Ando (1984). 
RA - Levels established by Reader and Acquista (1977). 
WRR - Levels established by Wyart et al (1981). 
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The Eleven-Times Ionized Zirconium (Zr XII) 
( Ground configuration: 3d 4s ) 
The eleven times ionized zirconium is isoelectronic 
2 
with neutral copper (Cu I) having ground level 4s S, /2* ^^^ 
excited configurations dealt with are 3d np, nd (n = 4,5,6); 
3d^° n's,n'g (n' = 5,6,7); 3d^^ n'*f (n" = 4,5,6,7,8); 
9 9 2 
3d 4s4p and 3d 4p . The terms arising out of the concerned 
configurations are as: 
3dlOns 
Sd^^np 
3d^0^d 
3diO„f 
3dlO„g 
3d^4s(^D)4p 
3d^4s(^D)4p 
4p2(is)3d*^ 
4p2(lD)3d^ 
4p2(3p)3d9 
(FDP) 
•(FDP) 
-D 
(GFDPS) 
•(FDP) 
^(FDP) 
A FDP) 
The spectrum of eleven-times ionized zieconium (Zr XII) 
was first investigated by Alexander et al (1971). In all they 
classified eight lines; two belonging to each of the type 
4s-5p, 4p-5d, 4d-5f and 4p-5s transitions lying in the region 
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o 
103-1^6 A. Reader and Acquista (1977) reported new measurements 
of lines classified as 4p-5s transitions and added 4s-4p reso-
nance lines. This addition of 4s-4p transitions enabled them 
to establish 4p, 5s and5d levels earlier connected through 
hanging transitions reported by Alexander et al (1971). 
Reader and Acquista (1979) published a detailed study of this 
spectrum listing a large number of energy levels observed 
through the excitation of outer 4s electron to higher levels 
Wyart et al (1981) reported the 3d-*-°4s~3d^ 4s4p and 3d^ °4p-.3d*^ 4p^  
transitions involving excitation of one of the inner 3d electrons 
They also identified transitions from 3d 7p levels to the 
ground level. Klapisch et al (l981) reported an independent 
10 9 
analysis consisting of eight lines belonging to 3d 4s~3d 4s4p 
10 9 2 
and 3d 4p-3d 4p transition. Their wavelengths differ slightly 
with those of Wyart et al (1981) who themselves in the very same 
paper listed improved wavelengths of their Zr XII lines. For 
the sake of convenience we are reproducing the energy levels as 
reported by Wyart et al (1981). 
The ionization energy given by Reader and Acquista (1979) 
is 1905500 + 200 cm"-"- (236.25 + 0.03 eV) . All the observed 
energy levels are given in Table 12 and level structures 
3d^°4p, 4d, 5s, 4f, 5p, 5d, 5f, 6s, 5g, 6p, 6d, 6f, 6g, 7f, 
7p, 7g, 8f; and 4d^4s4p 3d^4p^ are plotted in Fig. 12(a) and 
12(b) . 
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Table 12 - Energy Levels of Zr XII 
Configuration Designation E(cm"* ) Remark 
4s 
4p 
4d 
5s 
4f 
5p 
5d 
5f 
6s 
5g 
6p 
^1/2 
^Pl/2 
^^3/2 
^^3/2 
^^5/2 
2 
^1/2 
^5/2 
^7/2 
^Pl/2 
'P3/2 
^^3/2 
S^/2 
2F 
^5/2 
^7/2 
2q 
^1/2 
^7/2,9/2 
'Pl/2 
'P3/2 
0 
205202 
227627 
556897 
568156 
868156 
876003 
876004 
955062 
964270 
1105996 
1107599 
1246139 
1246175 
1250475 
1271532 
1295257 
1299980 
AL 
RA 
RA 
RAA 
RAA 
RA 
RAA 
RAA 
AL 
AL 
RA 
RA 
RAA 
RAA 
RAA 
RAA 
RAA 
RAA 
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6d 
6f 
6g 
7p 
7f 
7g 
8f 
4cl*^ 4s4p (^ D. 
(^ D, 
(^ D, 
(^ D. 
(^ D, 
(2D 
(^ D 
(^ D 
,^ P) 
,^ P) 
,^P) 
.^P) 
,^P) 
,^P) 
,^P) 
.^P) 
^3/2 
2n 
°5/2 
^5/2 
2p 
^7/2 
^7/2,9/2 
2p , 
^1/2 
2p , 
2p 
^5/2 
^7/2 
^7/2,9/2 
2c 
^5/2 
2c 
^7/2 
4po, 
^1/2 
2pO 
4p^ o 
°l/2 
2pO 
4pO 
^3/2 
4c o 
^3/2 
2n° 
°3/2 
2 0 
^1/2 
1374300 
1375113 
1449292 
1449352 
1465066 
1479820 
1482800 
1571693 
1571740 
1581919 
1650845 
1650858 
1475630 
1489840 
1494150 
1551210 
1460370 
1470100 
1479960 
1488080 
RAA 
RAA 
RAA 
RAA 
RAA 
WR 
WR 
RAA 
RAA 
RAA 
RAA 
RAA 
WR 
WR,KM 
WR 
WR.KM 
WR 
WR ' 
WR,KM 
WR.KM 
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( U, P> 
/ 2 1 , 
3d ' ^4p^ ( ^ u , ^ u ; 
( 2 D , ^ P 
( 2 b , ^ D . 
/ 2 1 ^ 
(?D,3p) 
( 2 D , 1 D ; 
/ 2 3 , 
( D, T ] 
/ 2 3 > ( D, P 
/ 2 1 
( ^ D , ^ p ; 
/ 2 1 ( D , ''P 
/ 2 3 > ( U, P 
/ 2 1 
( ^D ,^3 
I o n i z a t i o n l i m i t 3d 4 
4p^o 
° 3 / 2 
2pO 
' ^ 1 / 2 
> ^ ^ 1 / 2 
> ^ P l / 2 
2p / 4 ^ 1 / 2 
?l/2 
^ ^ 3 / 2 
2n D3/2 
4 ) F 3 / 2 
) D3/2 
^ ^ 3 / 2 
' ^ 5 / 2 
> ^ ^ 5 / 2 
^ 2p 
^ ^ 5 / 2 
' ^ 5 / 2 
. 2^ - .10 
5 0 ^ / 2 - 3 ^ 
1501560 
1533750 
1704070 
1712880 
1724700 
1742110 
1751810 
1699310 
1704740 
1717720 
1725880 
1732710 
1745170 
1727180 
1740950 
175 3410 
1770980 
WR 
WR , iCM 
WR 
Wf{ 
WR 
WR 
WR 
WR 
WR 
1 
WR 
WR , I'i/l 
WR 
W R , !<M 
WR 
WR , KM 
WR 
WR 
•^SQ 1905500+200 cm""^ 
( 2 3 6 . 2 5 + 0 . 0 3 eV) 
AL - Lov'^ 'ls established by Alexander et al (1971). 
P.P - Lov-^s established by Klapisch et al (l981). 
RA - Levels established by Reader and Acquista (1977). 
RAA - Lf^ v^ ls established by Reader and Acquista (1979). 
WR - Levels established by Wyart et al (1981). 
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The Twelve-Times Ionized Zirconium (Zr XIII) 
( Ground conf igurat ion : 3d ) 
The Ni - l ike ion of zirconium (Zr XIII) in i t s ground 
s t a t e has completely f i l l e d d -she l l with SQ as \he ground 
9 
l e v e l . The exci ted conf igurat ions dea l t with are 3d np, nf. 
The terms a r i s ing out of the conf igurat ions concerned herewith 
are given below; 
3dlO : h^ 
3d^np : ^(FDP) ^(FDP) 
3d*^nf : ^(HGFDP) ^(HGFDP) 
Spectra of highly ionized atoms of the elements of 
fifth period in the soft X-ray range were first studied by 
Edlen. He did not publish his results. Edlen indicated some 
10 9 
of the 3d - 3d 4p, 4f transitions on his spectrograms. 
Alexander et al (1971) measured the wavelengths of most of the 
lives of 3d-'-° - 3d^4p, 4f transitions. Schweitzer et al (l981) 
reported accurate measurements of the wavelengths of all lines 
in Q 
of 3d^ '^  - 3d''4p, 4f transitions for Zr XIII. They also observed 
two out of three lines of each 3d^^ - 3d^5f and 3d-'-^  - 3d*^ 5p 
transitions. Most of the identifications reported by them 
were based on extra-polation or interpolation along the Ni 
isoelectronic sequence. The energy levels are given in Table 13 
and observed structures are plotted in fig. 13. 
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Table 13 - Energy Levels of Zr XIII 
Configuration Designation E(cm"-'-) Remark 
3d 10 
3dl^ 4p 
3d^4f 
Sd'^Sp 
Sd'^ Sf 
0^ 
D, 
'D, 
'D, 
0 
1549130 
1566360 
1581100 
2225880 
2243860 
2282840 
2375970 
2332680 
2651670 
2706790 
AS 
AS 
AS 
AS 
SK 
AS 
AS 
SK 
SK 
SK 
SK 
AS - Levels established by Alexander et al (1971) 
and confirmed by Schweitzer et al (1981). 
SK - Levels established by Schweitzer et al (1981). 
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The Eleven-Times Ionized Zirconium (Zr XIV) 
—_ - •— ••- '- g _-'-a — " 
(Ground conf igura t ion: 3p 3d - ' ) 
The spectrum of t h i r t e en - t imes ionized zirconium (Zr XIV) 
9 
is isoelectronic with Co I. The ground configuration 3d has 
2 2 
two levels D5/2 3/2 ^i^h ^^/n ^^ ^"^^ ground most level. The 
low excited configurations are 3p 3d , 3p 3d , 4p, 4f. The 
terms arising out of the above configurations are given below: 
3pSd9 2. 
3p^3d^0 
3d 8 
3d 8 
3d 8 
3d 8 
3d 8 
3d 8 
3d 8 
3d 8 
3d 8 
3d 8 
•S)4p 
^D)4p 
^G)4p 
^P)4p 
^F)4p 
'•S)4f 
^D)4f 
•G)4f 
'P)4f 
'F)4f 
(FDP) 
•(HGF) 
•(DPS) 
•(GFD) 
"(HGFDP) 
•(KIHGFDP) 
•(GFD) 
^(DPS) 
^(GFD) 
^(GFD) 
^{IHGFDPS) ^(IHGFDPS) 
The 3p^3d^ - 3p^ 3d-'-° transitions of Zr XIV were fir^t 
observed by Edlen (unpublished) as cited by Alexander et al 
(1971); they were accurately measured and confirmed by 
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Ryabtsev and Reader (i982) . They also classified a large 
q g 
number of 3d - 3d 4p transitions which enabled them to 
g 
establish 35 energy levels of 3d 4p configuration. The ground 
9 2 2 level splitting 3d '^^M " ^3/2 ^^® further confirmed by 
Suckewer et al (l982) through observation of magnetic dipole 
transition line on the PLT tokamak, Wyart et al (1982) 
9 8 
observed and classified 3d - 3d 4p transitions independently 
before appearance of the above mentioned paper of Ryabtsev and 
Reader (1982). Their values of energy levels differ slightly 
and hence for the sake of convenience we have given in Table 14 
energy level values as reported in both the papers. Kishii Ishii 
and Ando (1986) identified thirty-eight lines of 3d*^  - 3d®4f 
o 
transitions and established thirty levels of the 3d 4f configu-
ration. Level structures of (3d^, 3p^3d^°), 3d®4p and 3d^4f are 
plotted in figs. 14(a), 14(b) and 14(c) respectively. 
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Table 14 - Energy Levels of Zr XIV 
Configurat ion Designation E(cm~^)^ E(cm"^)^ 
3pSd9 
3p^3dlO 
3p^3d^4p 'D 
D 
G 
G 
"D5/2* 
'^3/2* 
'P3/2* 
^1/2 
7/2 
5/2 
7/2 
5/2 
3/2 
3/2 
•7/2 
5/2 
*3/2 
"5/2 
'7/2 
'5/2 
'1/2 
'7/2 
'5/2 
'D 
-D 
0 
20140 
1201990 
1314660 
1665610 
1684640 
1688130 
1691340 
1692640 
1701320 
1703930 
1705180 
1715720 
1716820 
1720160 
1717920 
1719550 
1723070 
1726970 
0 
20130 
1202040 
1314580 
-
1684110 
-
1691110 
1692370 
-
1703720 
1704940 
1715460 
1716610 
-
1717610 
1719930 
1726730 
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"D 
'D: 
'D: 
G; 
'D: 
D: 
D. 
D 
3/2 
•5/2 
•D3/2 
"^7/2 
-D 
'D 
D 
'D 
•D 
"D 
1/2 
5/2 
1/2 
'3/2 
7/2 
'3/2 
5/2 
'3/2 
5/2 
7/2 
3/2 
'1/2 
'5/2 
'3/2 
'1/2 
'7/2 
'1/2 
'3/2 
1728560 
1732640 
1738330 
1739310 
1742380 
1741460 
1743210 
1747000 
1751820 
1754830 
1758880 
1763500 
1766880 
1767250 
1767480 
1770290 
1778260 
1781230 
1832060 
1857120 
1728390 
1732440 
1738980 
1742150 
1754580 
1741460 
1738130 
1746820 
1751560' 
1742150 
1742930 
1763230 
1766820 
1758550 
1770000 
1766880 
1778060 
1780880 
1831820 
1857080 
104 
Configurat ion Designa 
^F4[2: 
'^,i^: 
%[3; 
^F3[o; 
^F3[3; 
3p r o" 
^P3[i : 
%3[2 : 
V ri" 
^F2[3: 
3c fo" 
\[2: 
^Pgt^. 
^P2[2: 
"'•D2[4; 
^0^ • 
^Pj^[2; 
^Pj^[4 
^pi [3 ; 
^D^[2' 
tion J 
1 3/2 
7/2 
I 5/2 
1 1/2 
1 5/2 
1 7/2 
3/2 
5/2 
1 3/2 
i 7/2 
I 5/2 
) 3/2 
1 5/2 
! 5/2 
1 7/2 
1 7/2 
1 5/2 
1 7/2 
1 5/2 
1 5/2 
E(cm*-'-) 
2406200 
2406200 
2407200 
2416800 
2416800 
2421500 
2422400 
2426500 
2429200 
2434100 
2436900 
2443900 
2443800 
2447100 
2452400 
2457100 
2462600 
2462600 
2466200 
2469700 
Remark 
KA 
KA 
KA 
KA 
KA 
KA 
1^ 
KA 
KA 
KA 
KA 
KA 
KA 
KA ' 
KA 
KA 
KA 
KA 
1^ 
KA 
3d^4f 
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\[3 
\[3 
7/2 
7/2 
5/2 
7/2 
1/2 
3/2 
5/2 
7/2 
5/2 
2470800 
2479900 
2488000 
2488000 
2491900 
2498200 
2498200 
2559100 
2561100 
r.A 
KA 
KA 
KA 
KA 
KA 
KA 
fCA 
KA 
a 
b -
* _ 
KA -
Levels established by Ryabtsev and Reader (1982). 
Levels established by Wyart et al (1982). 
Levels originally established by Edlen (unpublished) 
IPV^IT established by Keishii Ishii and Ando (1986). 
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The Four teen-Times Ion i zed Zirconium Zr XV 
• ' —Z 5 • 
( Ground configuration: 3p 3d ) 
The fourteen-times ionized zirconium (Zr XV) is iso-
electronic with neutral iron (Fe I). The ground configuration 
6 8 "? is 3p 3d with F^ as ground most level. Low lying excited 
5 9 7 
configurations experimentally dealt with, are 3p 3d and 3d 4p. 
I 
The terms arising out of the above mentioned configurations are 
given below: 
3p^3d^ : 
5 9 3p"^3d^ : 
3d '^ (^D)4p: 
3 d ' ^ ( 2 p ) 4 p : 
3 d ' ^ ( 2 F ) 4 p : 
3d '^ (^G)4p: 
3 d ' ' ( ^ H ) 4 p : 
3d ' ' ( ' *P )4p : 
3d '^( '^F)4p: 
^(GDS) 
^(FDP) 
^(FDP) 
•^(DPS) 
^(GFD) 
^(HGF) 
^(IHG) 
^ (FP) 
^(FDP) 
"^(FDP) 
^(DPS) 
-^(QFD) 
^(HGF) 
^( IHG) 
^(DPS) 
^(GFD) 
^(DPS) 
^(GFD) 
The 3p^3d® - 3p^ 3d'^  transitions in Zr XV were first 
investigated by Boghanovichene et al (1980). In all they 
identified 26 transitions and established all the energy 
levels of the two configurations involved. Reader and 
Ryabtsev (1981) confirmed seven and ten out of nine and 
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twelve energy levels of cinfigurations 3p 3d and 3p 3d 
respectively and reported their improved level values. The 
8 1 1 5 9 3 
remaining four levels, namely 3d G^, SQ and 3p 3d P^, 
1 ft R 3 
F^ were revised. Suckewer et al (1982) observed 3p 3d F^-
3 
F. magnetic dipole transition in conformity with the level 
values reported by Reader and Ryabtsev (1981). Wyart et al 
(1983) reinvestigated the Zr XV spectrum and added fifty three 
7 
energy levels of 3d 4p configuration based on classification 
8 7 
of resonance 3d - 3d 4p transitions. Reader and Ryabtsev (1983) 
reported two new lines identified as 3p^3d® ^SQ - 3p^ 3d*^  ^Dj^, 
1 8 1 
P, transitions resulting in a new value of 3d S« level. The 
energy levels are listed in Table 15 and the observed structures 
o 
are plotted in figs. 15(a), (b), (c) for the configurations 3d , 
5 9 7 3p 3d and 3d 4p respectively. 
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Table 15 -
C o n f i g u r a t i o n 
3p^3d^ 
3p^3d^ 
Energy Leve 
Designa 
^4 
^F 
^3 
^F 
^ 2 
\ 
\ 
\ 
\ 
\ 
% 
'°2 
% 
\ 
\ 
% 
\ 
\ 
\ 
I s of Zr XV 
t i o n E (cm"^) 
0 
18030 
22560 
43080 
59470 
59940 
64280 
71660 
155800 
1154330 
1170060 
1194370 
1223610 
1232700 
1235980 
1247240 
1268728 
1296720 
Remark 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
RR* 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
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3d^4p J 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3p 
^2 1352040 
1398200 
1408461 
1900810 
1928120 
1928840 
1979030 
1989040 
2047270 
1867410 
1893020 
1904040 
1914940 
1923280 
1936330 
1950480 
1962700 
1984760 
1991940 
2021600 
1849870 
1862060 
1876290 
1884060 
BR 
BR 
BR 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK| 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
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3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1894450 
1900964 
1911260 
1917580 
1922250 
1924380 
1931020 
1935060 
1939750 
1944740 
1962400 
1986420 
2007330 
2030000 
2050730 
1834050 
1854770 
1872270 
1881350 
1894450 
1897140 
1906210 
1922970 
1929310 
1955510 
1970810 
WK 
WK 
WK 
WK 
WK 
WK' 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
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5 
5 
5 
5 
5 
5 
1865360 
1911280 
1929520 
1937790 
1952890 
1973320 
WK 
WK 
WK 
WK 
WK 
WK 
BR - Level established by Bogdanovichene et al (1980) and 
improved by Reader and Ryabtsov (1981). 
RR - Levels established by Reader and Ryabtsev (1981). 
PR* - Levels established by Reader and Ryabtsev (1983). 
WK - Levels established by Wyart et al (1983). 
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The F i f t een -T imes Ion i zed Zirconium (Zr XVI) 
g—_ 
( Ground configurations : 3p 3d ) 
The fifteen-times ionized zirconium (Zr XVI) is 
isoelectronic with neutral manganese (Mn I). The ground 
configuration is 3p 3d , 3p 3d is one of the low lying 
excited configurations. The terms related to above configu-
rations are given below: 
Sp^ Sd"^  : 
3d^(^S)5p : 
3d^(^D)5p : 
3d^(^G)5p : 
3d®(^P)5p : 
3d®(^F)5p : 
Wyart e t a l ( l983) s t u d i e d the 3p-3d t r a n s i t i o n s of 
Zr XVI fo r the f i r s t t ime in low induc t ance vacuum s p a r k s . 
They r e p o r t e d e l e v e n l e v e l s of 3p 3d and twenty four l e v e l s 
5 o 
of 1p 3d configurations. They could not identy the level 
7 
structures of 3d from 3d-4p transitions due to the lack of 
resolution in the experimental data. The observed energy 
level are given in Table 16 and the level structures are 
plotted in fig. 16. 
^(HGFDP) 
2p 
^(FDP) 
^(HGF) 
^(DPS) 
^(GFD) 
"^(FP) 
/ ( D P S ) 
"^(GFD) 
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Table 16 - Energy Leve l s of Zr XVI 
C o n f i g u r a t i o n J E(cm" ) Remark 
3p^3d^ 
9/2 
9/2 
9/2 
11/2 
5/2 
5/2 
5/2 
5/2 
7/2 
7/2 
7/2 
3/2 • 
3/2 
3/2 
5/2 
5/2 
5/2 
5/2 
5/2 
0 
54830 
91020 
74540 
24070 
52680 
80420 
186060 
16000 
69350 
123730 
1220160 
1265200 
1490370 
1192590 
1206710 
1249590 
1257660 
1342310 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
115 
5/2 
5/2 
111 
1/2 
7/2 
7/2 
1/2 
7/2 
7/2 
7/2 
9/2 
9/2 
9/2 
9/2 
9/2 
9/2 
1411460 
1463870 
1167660 
1191440 
1203660 
1239140 
1277270 
1351640 
1379400 
1454650 
1133080 
1176070 
1232390 
1345810 
1429130 
1238590 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
WK 
1 
WK 
WK 
WK - Levels established by Wyart et al (1983) 
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Highly Ionized Zirconium Spectra 
(i) Twenty-times ionized zirconium (Zr XXI) 
( Ground configuration: 3p 3d ) 
Zr XXI is isoelectronic with neutral calcium having ground 
•5 
most term F. Suckewer et al (l982) reported a single line of 
2 3 3 this spectra arising from magnetic dipole transition 3d Fj- F-
o 
observed a t 4774.2 _+ 0.4 A. Two energy l e v e l s of the ground term 
3 
F could be established as: 
3d^ ^F2 0 
3p 20946 cm'-'-3 
( i i ) Twenty-One-times ionized zirconium (Zr XXII) 
( Ground conf igura t ion: 3p 3d ) 
Zr XXII i s i soe l ec t ron i c with neu t ra l potassium having 
2 ground term 3d D. In t h i s spectrum a l so , a s ingle magnetic 
o 
dipole t r a n s i t i o n observed a t 3507.1 + 0 .2 A, was c l a s s i f i e d as 
3d ^^2/2 ~ ^^5/2 ^"^ Suckewer e t al (1982) . This s o l i t a r y 
t r a n s i t i o n es t ab l i shed the ground l eve l s as : 
3d ^D^/2 0 
^°5/2 28514 cm"^ 
(iii) Twenty-three-times ionized zirconium (Zr XXIV) 
2 5 ( Ground configuration: 3s 3p ) 
5 2 
Zr XXIV is isoelectronic with Chlorine and has 3p P 
as its ground term. The only permissible magnetic dipole 
: 118 : 
transition 3p^ ^ ^3/2 " ^1/2 t)®^ ®^®" levels of the ground term 
was observed to lie at 679.1 + 0.3 A by Denne et al (1983). The 
corresponding energy levels are as under: 
3p^ ^P3/2 0 
^^1/2 147254 cm'-^  
( i v ) Twen ty - four - t imes i on i zed z i rconium (Zr XXV) 
2 4 ( Ground c o n f i g u r a t i o n : 3s 3p ) 
The s u l f u r - l i k e spectrum of z i rcon ium (Zr XXV) has ground 
A O i l 
configuration 3p with terms P, D and S in order of increasing 
3 3 
energy. Levels of P term are inverted; P2 being ground most 
level. Denne et al (1983) observed and classified four magnetic 
dipole transitions (two of them tentatively requiring further 
confirmation) between levels of the ground configuration. They 
are as: 
3p^ ^P2 - ^P^ 731 .8 + 0 .2 A 
-^P^ - ^^2 564.9 + 0 . 3 A 
^^1 ~ ^^2 "^^^^ ( t e n t a t i v e ) 
^P^ - ^SQ 474 .2 ( t e n t a t i v e ) 
The l e v e l s thus e s t a b l i s h e d a r e 
4 3 3p^ ^P^ 0 
^Pj^ 136649 cm"-^  
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^D^ 177022 cm~-'-
^S^ 347530 cm"-'" (tentative value) 
(v) Twenty-five-times ionized zirconium (Zr XXVI) 
2 3 
( Ground configuration: 3s 3p ) 
The phosphorous-like spectrum of zirconium (Zr XXVI) 
3 4 2 2 
has ground configuration 3p with terms S, D and P in order of 
4 
increasing energy; S0/2 being the ground most level. Denne et al 
(1983) identified only one magnetic dipole transition namely, 
3/2 ~ ^5/2 
3 2 2 ° 
3p D-5/0 Dp. /^ of this spectrum observed at 2549.8 A 
(Vi) Twenty-six-times ionized zirconium (Zr XXVII) 
2 2 ( Ground configuration: 3s 3p ) 
Zr XXVII ion having fourteen electrons is isoelectronic 
2 
with neutral silicon. I ts ground state configuration 3p has 
3 1 1 3 
three terms, namely P, D and S, with " P^ as the ground most 
level. Denne et al (l983) observed two magnetic dipole transitions 
of this spectrum as given below: 
2 o -3 o 
3p^ ^P - -^P, 8 0 7 . 1 A 
o i 
~^P^ - ^P2 3 1 0 0 . 5 A 
With the help of these two transition only levels of the P 
term could be established as: 
3p2 3p 0 
^ o 
^P, 123900 cm"-*-1 
'2 \n 156153 cm~-^  
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( Vii) Twenty-seven-time ionized zirconium (Zr XXVIII), 2 ( Ground conf igura t ion: 3s 3p ) 
Twenty seven times ionized zirconium atom has t h i r t e e n 
2 
electrons with ground configuration 3s 3p. The excited configu-
2 2 
rations dealt with are 3s3p and 3s 3d. The terms arising out of 
these configurations are as follows: 
2 2 
3s 3p : ^P 
3s3p^ : ^(DPS) ^P 
2 9 
3s 3d : ^D 
Aluminium-like spectrum of zirconium (Zr XXVIII) was f i r s t 
inves t iga ted by Denne e t al (1983). They iden t i f i ed magnetic 
2 2 
dipole t r a n s i t i o n between l eve l s of ground term 3p P J M "" ^ i / 2 
a t 618.5 A. A de ta i l ed study was ca r r i ed out by Hinnov e t al 
(1986) covering 3s 3p - 3s3p and 3s 3p - 3s 3d t r a n s i t i o n s . 
There c l a s s i f i c a t i o n s led them to es tabl ishment of following 
energy l e v e l s of t h i s spectrum 
3s^3p "P, /^ 0 
161681 
3s3p^ "S, /o 806451 
965996 (tentative) 
967866 
968132 
800536 (tentative) 
'fl/2 
^^3/2 
2„ 
^1/2 
^"1/2 
^°3/2 
^^3/2 
\ / 2 
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3s^3d ^°3/2 1035196 
^0^/2 1050886 
(Vill) Twnety-eiqht-times ionized zirconium (Zr XXIX) 
( Ground configuration: 2p 3s ) 
Twenty-eight times ionized zirconium is iso6lectronic with 
neutral magnesium (Mg I). The ground configuration is 3s with 
SQ as the ground level. Low lying excited configurations are 
3s3p, 3s3d. The terms arising out of these configurations are 
as below: 
3s^ : ^S 
3s3p : •*•? -^ P 
3s3d : ^D -^D 
o 
Gordon e t al (l979) observed a l i n e a t 5.452 A belonging 
to Mg-like ion of zirconium. Finkenthal e t al (l982) i den t i f i ed 
3s^ -'•SQ - 3s3p \^ and 3s^ ^S^ - 3s3p \ ^ t r a n s i t i o n s in the PLT 
tokamak. Reader (1983) repor ted two new Mg-like t r a n s i t i o n s , 
namely, 3s3p P^^ ^ - 3s3d -'•D2 and 3s3p ~^ P2 - 3s3d ^D^. He also 
2 1 1 
confirmed the identification of the 3s SQ - 3s3p P, transition 
reported by Finkenthal et al (i982). Denne et al (1983) observed 
3 3 ° 
magnetic dipole transition 3s3p P, - P2 at 741.5 A which helped 
in establishing 3s3p P2 level (Curtis and Ramanujam 1983). The 
reported energy levels are as below: 
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Configura 
o 2 3s 
3s3p 
3s3d 
tion Des igna 
\ 
'^, 
\ 
^"i 
\ 
ID. 
tion E(cm"-'-) 
0 
486855 
621717 
778340 
1447660 
1589700 
Remark 
FH 
FH 
DH 
FH 
RE 
RE 
FH Leve l s e s t a b l i s h e d by F i n k e n t h a l e t a l (1982) 
DH Leve l s e s t a b l i s h e d by Denne e t a l (1983) 
RE Leve l s e s t a b l i s h e d by Reader (1983) 
(IX) The Twenty-Nine- t imes ion ized z i rconium (Zr XXX) 
( Ground c o n f i g u r a t i o n : 2p 3s ) 
The twenty n i n e - t i m e s i on i zed z i rconium i s i s o e l e c t r o n i c 
2 
with sodium having ground l e v e l ^-i/o' ^^^ concerned e x c i t e d 
c o n f i g u r a t i o n s are 2p 3p, 3d, 4f wi th terms as under : 
2p^ 3s : ^S 
2p^3p : ^P 
2p^3d •D 
2p°4f : 
Gordon e t a l (L979) observed nine l i n e s be long ing to Zr XXX and 
compared most of them to c a l c u l a t e d 2p-3d and 3p-3d t r a n s i t i o n s . 
Reader e t a l (1987) r e p o r t e d 3 s - 3 p , 3p-3d and 3d-4f t r a n s i t i o n s 
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of t h i s spectrum r e s u l t i n g in determinat ion of the following 
energy l e v e l s . 
Configurat ion 
2p^3s 
2p 3p 
2p^3d 
3p^4f 
Designation 
^1/2 
^P l /2 
^^3/2 
^^3/2 
^^5/2 
^5/2 
^ F . , . 
E(cm~l) 
0 
528320 
700080 
1397030 
1431790 
6563380 
6569740 
Remark 
RK 
RK 
RK 
RF; 
RK 
RK 
RK 
RK - Levels e s tab l i shed by Reader e t al (1987) 
(X) Thi r ty- t imes ionized zirconium (Zr XXXI) 
( Ground conf igura t ion: 2s 2p ) 
The spectrum of t h i r t y - t i m e s ionized zirconium i s i s o -
e l ec t ron i c with Neon. The exci ted conf igura t ions are 2s2p 3p, 
5 5 
2p 3d, 2p 3s . The terms formed by the above conf igura t ions are 
given below: 
2s22p6 : I s 
2s2p"3p 
2p^3d 
2 p ^ 3 s 
(FDP) '(FDP) 
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A g l i t s k i i e t a l (1975) and Burkhalter e t al (i975) 
simulteneously reported 2s^2p^ - 2s2p^3p, 2p^ - 2p^3d and 
2p - 2p 3s t r a n s i t i o n s . Their values have good agreement with 
each o the r . Boiko e t al (1978) measured same l ines and confirmed 
t h e i r e a r l i e r assignments. A g l i t s k i i e t al (1979) and Gordon 
e t al (1979) remeasured the same l i n e s and reported improved 
wavelengths l i s t e d below: 
Observed wavelengths of Zr XXXI 
2s22p^ - [2s2p63p (^P3/2)] 
- [2s2p^3p (^P^/sl 
- [2p^(2p^/2) '3d(2D3/2)]^ 
- [2p^(2p^^2)»3d(2D^/2)^ 
- [2p5(^P3/2) '3d(2D3/2)]^ 
- [2p5(2p^^2),3s]j^ 
- [2p^(^P3/2) ,3s] 
4.9529 A 
5.0008 A 
5.2032 A 
5.3789 A 
5.4314 A 
5.612 A 
5.832 A 
(XI) Fluorine-like spectrum of zirconium (Zr XXXII) 
2 5 ( Ground configuration: 2s 2p ) 
The only work on this spectrum known to us is due to 
Aglitskii et al (l979). They observed more than ten lines of 
o 
this spectrum in the wavelength region 4.855 - 5.278 A. The 
source of multiply charged ions was the plasma of a low-inductance 
vacuum spark with an anode made of the zirconium element. They 
did not report the classification of observed lines. 
: 125 : 
(XII) Oxygen-like spectrum of zirconium (Zr XXXIII) 
2 4 \ ( Ground conf igura t ion: 2s 2p ) 
2 4 Ths ground conf igura t ion of Zr XXXIII 2s 2p cons i s t s 
of three terms with P2 as the ground most l e v e l . The exci ted 
conf igura t ions worked out are 2s2p and 2p . Terms due to above , 
conf igura t ions are as follows: 
2s^ 2p'^  
2s2p^ 
2P* 
• 
• 
• 
• 
* 
3p 
3p 
^(DS) 
h 
h 
About half dozen spec t r a l l i n e s belonging to Zr XXXIII 
were observed by A g l i t s k i i e t al (l979) in the wavelength region 
o 
4.855 - 5.278 A. These l i n e s could not be assigned any c l a s s i f i -
c a t i o n . 
Behring e t al (l986) iden t i f i ed e igh t l i n e s of 2s^2pV2s2p^ 
5 6 ° 
and 2s2p~^-2p" t r a n s i t i o n s in the wavelength region 42-62 A, The 
energy l e v e l s of the conf igura t ions involved as as under: 
Configura t ion 
2s22p4 
Designa 
3p 
^2 
\ 
\ 
\ 
tion E(cm~-^) 
0 
192300 + 500 
690500 + 500 
797400 + 2000 
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2s2p^ ^P^ 2117800 + 500 
^P^ 2364900 + 500 
^PQ 2850600 + 500 
^P^ 3089200 + 200 
2p^ ^SQ 4718600 + 2000 
: 127 : 
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